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EDITOR’S PREFACE

THE economic aspect of geology is yearly receiving
more attention in our great educational centres, and
the books of this series are designed in the first place
for students of economic geology. It is believed, how-
ever, that they will be found useful to the student of
general geology, and also to miners, surveyors, and
others who are concerned with the practical applications
of the science.

‘The Geology of Coal and Coal-Mining,” by Dr.
Walcot Gibson, the first of this series of works on
economic geology undertaken by experienced geologists,
has already appeared. The present work will shortly
be succeeded by others, dealing with the geology of
quarrying, water-supply, and precious stones.

The Authors of this book have wide geological and
mineralogical knowledge, a practical acquaintance with
metalliferous areas, and an exceptional knowledge of
the very extensive literature of the subject. This has
enabled them to embody the important results obtained
of recent years, which have added so largely to our
understanding of the ways in which ores occur, and
of the conditions under which they have been formed.

J. E. MARR.
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AUTHORS' PREFACE

IN this work our chief aim has been to present a
concise account of the origin, mode of occurrence, and
classification of metalliferous deposits. To keep the
volume to a small and convenient size has been a task
fraught with much difficulty, for hardly any subject
has gathered round itself a greater mass of important
literature than the Geology of Ore Deposits.

The choice of suitable illustrative examples, drawn
from many countries, has been made with considerable
care, and at the same time we have avoided in a great
measure minor commercial details, which are often only
of transitory interest. But while the geological features
of the deposits form the main portion of the work, their
close connection with the economic aspect of the subject
has throughout been kept in view.

The size of this work, together with the vast and
scattered literature with which we have had to deal,
has rendered it impossible to make special reference to
all the works and papers consulted, or to mention by
name the numerous writers to whom we are indebted.
We take this opportunity, however, of expressing our
obligations to a great number of well-known authorities,
and to the publications of several geological surveys and

learned societies.
HERBERT H. THOMAS.

DONALD A. MACALISTER.
LONDON, 1909.
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THE

GEOLOGY OF ORE DEPOSITS

CHAPTER I
INTRODUCTION

AN ore deposit may be defined as a body of rock which
contains metallic compounds or native metals in suffi-
cient quantity and in such a form as to be of economic
importance—that is to say, from which one or more
metals can be profitably extracted.

The metals enter largely into the composition of the
earth’s crust, and it is conjectured on good grounds
that, as a whole, they occur in increasing proportion
towards the interior; for many of the richest ore
deposits occur intimately connected with certain ancient
igneous rocks and gneisses; on which the oldest recog-
nizable sediments were deposited. Again, a great
number of ore deposits have their origin in masses of
igneous rock which have been injected into the solid
crust from the molten interior of the earth; while
others have been deposited from subterranean gases
and solutions.

As a rule, it is the intrusive igneous rocks and the

detrital or sedimentary rocks in their immediate neigh-
I
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bourhood that are the richest in the compounds of the
heavier and more valuable metals ; but taking into con-
sideration the average composition of the earth’s erust
(see table below), it is clear that, in order to form an
ore deposit, any particular metal or group of metals
must have undergone considerable concentration. The
following table compiled by Dr. F. W. Clarke gives an
idea of the earth’s average composition, as far as can be
judged from surface observations:

Per Cent. Per Cent.
Oxygen gl 1 2 70 Carbon... obat L e
Silicon R 27 RO Phosphorus ... o009
Aluminium ... 813 Manganese ... 007
Iron ... st PSS Sulphur o0 (O)1E10)
Calcium e o) Barium b B (o) (6Y]
Magnesium ... 264 Chromium .. o‘o1
Potassium ... 235 Nickel ... o (oMo
Sodium 2103 Strontium ... oor
Titanium ... o0°32 Chlorine Sea:OT
Hydrogen ... o017 Fluorine i - (OHOP3

The percentages of metals, other than those men-
tioned above, are too small to be given, only amount-
ing to thousandths or millionths of 1 per cent. Certain
fresh igneous rocks from mining districts in the United
States, have been examined by Professor Kemp, who
estimated that they contain the following metals in
small quantities :

Per Cent.
Copper 0009
Lead ... from o0011 to 0008
Zincein ... from 00048 to 0'009
Silver ... from 000007 to 000016
Gold... ... from 000002 to 0°00004

The two tables given above make it quite obvious
that every ore deposit must be due to some natural
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process of concentration, by which the metalliferous
material has been collected and deposited within a
limited area; for no metal as originally distributed in
any rock would exist in sufficient proportion to be of
economic value. In this work we have endeavoured to
explain the occurrence of ore deposits by presenting as
concisely as possible the various processes Nature has
adopted to bring about the local concentration of metal-
liferous material.

The original source of all ore deposits lay in the
primitive igneous crust of the earth and in those
igneous rocks which subsequently penetrated it from
the interior. It may thus be said that the source of all
ore deposits may ultimately be traced to rocks with
igneous characteristics.

The igneous rocks which carry, or are answerable for,
the richest metalliferous masses are mainly those of the
larger intrusions. These are deep-seated or plutonic in
character, by which is meant that they never reached
the earth’s surface in a fluid state, but were covered to
a considerable depth at the time of their consolidation.
Generally speaking, the older igneous intrusions—that
is to say, those which belong to the pre-Cambrian
and Palzozoic periods—are richer in ore deposits than
those which have been intruded at a later date.

Deposits of considerable value are often associated
with igneous rocks, occurring as dykes and small
laccolites (hypabyssal), but are seldom found to be
directly dependent on volcanic or extrusive rocks. This
difference in the ore-bearing capacity of various igneous
masses does not so much depend on any variation in the
composition of the rocks themselves, as on the greater

I—2



4 THE GEOLOGY OF ORE DEPOSITS

facility which the plutonic rocks offer for the concen-
tration of metalliferous compounds.

Ore-bearing igneous rocks, whether they belong to
the most ancient fundamental complex of the earth’s
crust or were intruded into sedimentary rocks of later
date, generally exist in the form of large masses, to
which the name ‘laccolites’ is given, or as minor sheet-
like intrusions with approximately parallel boundaries
(sills and dykes). The ore deposits in the case of
laccolites are often marginal—that is to say, they fre-
quently mark the boundary between the igneous mass
and the country rock into which it has been intruded;
and the same is true in the case of those associated
with the minor intrusions, but occasionally the ore
may exist as rich strings or patches (schlieren) any-
where within the igneous rock, and not at its periphery.

The concentration of ore material and the formation
of ore deposits in general has been brought about by a
variety of processes, both physical and chemical.

In the case of those deposits formed by segregation
from plutonic igneous rocks (p. 21), the concentration of
ore has been determined by such factors as the crystal-
lization of one mineral before another (fractional crystal-
lization), or the separation of a homogeneous fluid into
two immiscible fluids during the fall of the temperature
towards the solidifying-point of the whole. Ore de-
posits formed in this manner are integral parts of the
rock masses in which they occur. All igneous rocksin
their most fluid condition are regarded as being homo-
geneous, and in that state are known as ‘ magmas.” The
separation from a magma of any definite substance or of
two immiscible magmas is looked upon as part of the
process of segregation or differentiation described later
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(p. 22). The separation of any mineral from a rock
magma is analogous to the separation of a salt from its
solution, and it is a well-known fact that many fluids
which mix perfectly with each other at an elevated
temperature, separate from each other, more or less
completely, on cooling.

Metal-bearing gases and solutions may be given off
from the larger igneous masses during their solidifica-
tion. Metalliferous solutions may also be furnished by
water charged with certain solvents passing upward or
downward through rocks in which metallic ores are
finely disseminated. These gases and solutions may
subsequently deposit their metalliferous contents in
fissures; or in the country rock with or without chemical
interchange of material (pneumatolysis, hydatogenesis,
and metasomasis).

All large sheets of standing water receive dilute
metalliferous solutions from the surrounding dry land,
and may either produce metasomatic changes in the
rocks which form their beds, or may, on becoming
saturated by evaporation or other causes, deposit their
dissolved matter in the solid form (precipitations—
p-301). With such deposits are classed those which occur
at the surface around springs, caused by the evaporation
of the solvent or its removal by some other natural
agency.

Since sedimentary rocks are detrital accumulations
formed from pre-existing rock masses, it happens that
finely divided stable metallic compounds or native
metals present in the older rocks often undergo a con-
centration by natural agencies.



6 THE GEOLOGY OF ORE DEPOSITS

The above order of events—segregation from igneous
rocks, pneumatolysis, hydatogenesis, precipitation, and
sedimentation—seems to represent the most logical and
scientific manner in which to group original ore
deposits, on account of this being more or less the
sequence taken by the various processes in Nature.
Types of deposit formed in these various ways may
undergo secondary changes, in the description of which
in the following pages precedence has been given to
metamorphosis produced by thermal and dynamic
agencies.

Ore deposits generally rﬁay be roughly divided into
two classes: first, those which have been formed con-
temporaneously with the enclosing rock (syngenetic);
and, secondly, those which have formed subsequently
(epigenetic).

The first class includes those deposits which form
integral parts of igneous rocks, and many of those
either chemically deposited from solutions or mechani-
cally as detritus.

The second class embraces the greatest variety, and
includes the ordinary veins and lodes, most metasomatic
and pneumatolytic deposits, and all secondary enrich-
ments.

The mode of occurrence of an ore mass is often
dependent on the folds and fractures resulting from the
movements which have taken place in the earth’s crust.
For in many cases these lines of weakness and dislo-
cation are connected with the intrusion of igneous
material, and also permit the easy access of mineralizing
solutions or vapours to the country rock. On the other
hand, movements of the earth’s crust have often taken
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place after the formation of ore deposits, so that these
are then bent, broken, or in some other way altered in
form. :

The form of an ore deposit and the character of its
outcrop will differ considerably according to whether
the deposit belongs to the contemporaneous or subse-
quent classes mentioned above. A contemporaneous
mass will of necessity take part in all the folding and
faulting that the district may undergo; and if in the
form of a bed, its outcrop will be affected in a similar
manner to those of the other strata with which it
happens to be associated. Deposits of the second class
will, as a rule, not conform to the outcrops of the rocks
of the district, but will follow lines of disturbance,
fracture, or some lines of weakness in the country rocks,
with little or no reference to the original structure of
the area.

Many of the richest mining districts occupy disturbed
regions, such as mountain ranges, and the connection
of the ore deposits with crustal movements may be
regarded as quite intimate. In the formation of lodes
and similar deposits, the sequence of events was gen-
erally an earth movement, either in the form of a crustal
collapse or an upheaval, followed, or often accom-
panied, by volcanic activity or the intrusion of deep-
seated igneous rocks. The sites of such disturbances
were well suited for the formation of metalliferous
deposits, owing to the facilities they afforded for the
passage of mineral solutions and gases along fractures
or crush zones, and also on account of the proximity
of these disturbed areas to the igneous interior from
which the metalliferous solutions were derived. When
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such areas are intruded by igneous rocks, differing
widely in composition, there may be corresponding
different types of ore deposits formed. Some regions
appear to have been disturbed several times, and on
each occasion invaded by igneous intrusions, which
successively gave rise to types of ore deposits, differing
widely from one another.

The lodes in many metalliferous districts result from
the infilling of fissures formed shortly after the in-
trusion and consolidation of the igneous rocks with
which the ores are connected. The fissures, crush-
zones and faults are in many regions parallel with one
another, and have some definite directional character
determined by the folding or cleavage of the rocks, and
consequently with the direction of the earth-movements .
which developed these structures. Generally, however,
such structures may be regarded as among the later
effects of these general disturbances, and connected
with the final movements of adjustment in the rocks.

In regions where the rocks have not been cleaved or
highly folded, as is the case in many districts composed
of the younger formations, the uniform directional
character of lodes is not so noticeable. According to
W. O. Crosby’s theory of jointing, many lodes were
formed by earthquake shocks, and, according to this
writer, whatever other agencies, such as cooling or
desiccation, might have operated within the rocks, the
phenomena of parallel joints or veins is best explained
by the assumption that they were created by earth-
shocks, and that, if these take place slowly under bend-
ing or torsional strains, the direction of the fissures will
be determined by the strain, while the ‘time and mode
of breaking’ is determined by the shock. Extensive
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fissuring and brecciation of rock due to earthquake
shocks is found in many volcanic plugs. Such fissur-
ing is therefore intimately connected with the disturb-
ances produced during a period of volcanic activity.

It is probable that some fissures are formed by con-
traction due to cooling or desiccation of the rocks.
Some igneous dykes are traversed by minute fissures
formed during the cooling of the rock. The calcite-
quartz veins in albite - diorite dykes in the Ready
Bullion Mine, Alaska, appear to have been formed in
this way. Some of the Cornish elvans (quartz-
porphyry dykes) are traversed at right angles by in-
numerable small veins, varying in size from a thin film
to a quarter of an inch or more. Occasionally tin ore
is found along lines of parting, the direction of which
was determined by the flow-structures, as in rhyolite in
Cornwall. Fissures formed by contraction due to cool-
ing also occur in quartz-porphyry in the Thiiringerwald,
where the veins contain manganese ores. In Victoria
(Australia) gold veins are found in contraction-fissures in
greenstone, and at the Haile Mine, South Carolina, in
joints traversing diorite dykes. Although their origin
has been disputed, the numerous veins traversing pro-
pylite at Nagyag in Hungary may be mentioned in
this connection.

At Berezov, near Pyzhminskoye, in the Urals, greisen-
ized granite veins, known as ¢ beresite,” varying from a
few feet up to 150 feet in width, are traversed at right
angles by numerous gold-quartz veins, giving a remark-
able character to the auriferous mass.

The occurrence of argentiferous copper ore veins
at Nédsmark (Telemarken, Norway) traversing granite
dykes at right angles has been noted by Vogt.
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The remarkable occurrence of tin ore veins in pseudo-
bedding planes in granite in the Erzgebirge has long
been known. Here there are horizontal fissures
parallel with the dome -like surface of the granite,
and formed by contraction during cooling of the
mass. More irregular contraction-fissures are found at
Altenberg.

A particular form of fissuring connected with nickel-
iferous deposits is formed by expansion of the parent
rock during its serpentinization, but by far the greater
number of lode-fissures were formed by external causes
connected with movements of adjustment of the earth’s
crust, by which zones of shearing and faulting, as well
as simple fracturing, are produced.

Where a district has been subjected to shearing, the
metalliferous solutions may have deposited their material
in a wide zone qr belt of crushed rock. Such types of
deposition are represented by some of the large cuprif-
erous-sulphide ore bodies. Here, however, not only has
there been deposition in the region of the crushing, but
generally much of the material of the rock itself has
been removed by solutions and replaced by new minerals.
The structures of such lodes or ore bodies is conse-
quently varied ; but, although often containing very low-
grade ore, the body as a whole, which is often lenticular
in form, may be of great commercial value. Like the
ordinary fissure lodes produced either by earthquake
shocks or movements of adjustment at the close of
regional disturbances, these impregnation-zones are
also seen to be more or less parallel, the directional
character being dependent partly on the direction of
earth-stresses, and partly upon the structures of the
rocks.
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The original structures of the crush- or breccia-zones
are preserved in the veinstones which are formed when
the mass is mineralized.

The variety of structures which veinstones may
present is infinite, and depends partly on the com-
position of the rock in which the lode has been formed,
partly on the nature of the crushed or broken material
which filled the fissures or lay between crush-planes
before impregnation, and partly on intermittent deposi-
tion from the mineralizing solutions. In open fissures
the comby, platy, or banded structures are seen to
be due to the successive deposition of minerals arriving
in the fissure at different periods. Where the original
fracture contained brecciated material, the veinstones
consist of strings and masses of ore penetrating and
enveloping the fragmentary material, and so giving rise
to exceedingly complex structures.

In rocks which can be decomposed and replaced by
other substances, such as in the cases of the replace-
ment-deposits of lead and fluorspar in limestone,
and of tin and tourmaline in granite, the veinstones
have a massive appearance, but frequently show dimly
traces of the original structure of the rock.

In some deposits, as of smithsonite in limestone,
a wonderful variety of concretionary structures are
observed, apparently abstrusely connected with the
change in volume which the rock suffered during its
replacement.

It has often been remarked that lodes are seldom
equally productive throughout, and that the ore occurs
in patches, chutes, or bunches, as if the deposition of
minerals had been favoured by certain places in the
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lodes. It is this local concentration of the ores that
makes mining such a speculative enterprise, and renders
prospecting and thorough sampling imperative. The
conditions favouring the local concentration of the
original ores in lodes are many, and include primarily
the proximity to the rocks from which the ores are
derived. The country rock has an influence where its
composition is such that it can chemically react on the
metalliferous solutions which penetrateit. The texture
of the rock and the degree of porosity are also power-
ful factors in modifying the nature and form of deposits.

In lodes originating under pneumatolytic conditions,
the most favourable position for the principal ore bodies
is near the margin of the plutonic igneous mass which
gave rise to them, either in the external portion of the
igneous rock itself or in its metamorphicaureole. This
applies also to pegmatitic deposits. Of ores formed
under pneumatolytic conditions, some are complex,
and consist of oxidic and sulphidic compounds. In
this case, it.not infrequently happens that the oxidic
compounds are deposited in one zone or horizon in the
lode, while the sulphidic compounds, owing probably
to their more soluble nature, are deposited at a greater
distance from the source.

In deposits of hydatogenetic and metasomatic origin,
the solutions have often travelled considerable distances
from the parent rock, and the metalliferous substances
have been deposited in favourable places determined
partly by mechanical conditions, and partly by the
nature of the country rock. In such cases, the form of
the deposit is often influenced by the porosity and
solubility of the rocks, which allows the solutions to
seep through and impregnate the mass with ore.
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It should be remarked that the solutions which
percolate lode-fissures are either of magmatic origin
(hydrothermal), being directly derived from some
igneous rock, or of meteoric origin. In the latter case
surface water percolating the lodes oxidizes and dissolves
certain minerals near the surface, carries them down,
and causes them to be deposited at lower horizons;
while in the former case secondary actions are brought
about by magmatic waters, as in instances where the
nature of the solutions have changed and affected
minerals deposited previously. That thermal waters
derived from deep-seated sources contain much dis-
solved mineral matter of various kinds, capable of
chemically acting upon the rocks they come in contact
with, is proved by the nature of the dissolved com-
pounds of thermal springs in well-known volcanic
regions.

The alterations effected in this way have been classi-
fied into certain definite types, which may be referred
to by such terms as silicification, propylitization, kao-
linization, tourmalinization, axinitization, greisenization,
scapolitization, sericitization, dolomitization, zeolitiza-
tion, etc., according to the nature of the alteration
effected by the solutions or vapours on the rock. Many
of these alterations are complex, and others might be
included in which thermal metamorphism has acted in
conjunction with the solutions, with the production of
such alteration types as garnet and epidote rock, or horn-
blende and pyroxene rock. It is unnecessary here to
define all these terms, as they are self-explanatory, but
it may be mentioned that some of them are particularly
characteristic of the rock in the vicinity of certain kinds
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of ores, and consequently also of the rocks from which
the ores were derived. Practically all tin lodes, for
instance, are characterized by a special kind of alteration
of their walls, known as ‘greisenization.” The felspar of
granite is kaolinized by removal of the silicate of potash
.in solution. The same mineral is also converted into
topaz, lepidolite, or gilbertite, through the reactions
involved. Boron vapours have the effect of converting
felspar to blue tourmaline, and biotite may be converted
to brown tourmaline or to chlorite.

Where the lode traverses shale, the latter is often
silicified or tourmalinized. Grits are converted to
quartzitic rocks, and the tin ore is found interstitially
or in minute cracks traversing the mass.

In calcareous rocks and greenstones the alterations
effected by tin lodes consist of the development of
axinite, fluorspar, garnet, and other minerals. Through-
out the rock cassiterite or pyritic ores may be found
among the alteration-minerals. All these actions are
true metasomatic alterations, but, as in the majority of
cases the principal part of the ore is found in or close
to the original fissures, tin lodes are not regarded
as deposits of metasomatic origin, since the meta-
somasis is only a subordinate phenomenon, and not the
principal action, as it is in the case of many lead ore
and fluorspar deposits traversing limestones.

A large number of ore deposits are in some manner
chemically related to the rock in which they lie, whether
they form integral parts of igneous masses or exist
as deposits from vapours or solutions. This relation is
most conspicuous in deposits which occur as parts of
igneous masses, where similar metallic compounds are
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almost always associated with certain rocks of definite
chemical and mineralogical composition.

In the study of ore deposits, it has been found that
many metals and compounds of metals which are
chemically related are found in the same or similar
deposits. Thus, for instance, platinum almost always
occurs native associated with its allies, osmium and
iridium. Cadmium occurs with zinc, chiefly in the
form of sulphides, while the association of the allied
metals iron, nickel, and cobalt as segregations is well
known. Important exceptions may be noted, as, for
instance, the case of the molybdenum, tungsten and
chromium group. Here chromium is rarely found in
any but the basic rocks, while tungsten and molybdenum
are invariably found in association with the more acid.
rocks.

In the form of segregations, platinum and the allied
metals osmium and iridium occur almost entirely in
one type of igneous rock, and nickel and cobalt in
another; while among metasomatic deposits zinc and
cadmium are most often found in association with
limestones. Tin ore lodes are always associated with
granite or its fine-grained modifications, the quartz
porphyries, and, in the case of certain definite types of
ores, the geological conditions, with slight modifications,
are repeated the world over. Most ores have as almost
constant associates other less valuable metallic com-
pounds, or some non-metallic minerals, which are most
helpful in throwing additional light on the modes of
formation of the ore deposit as a whole, and which
are occasionally of great assistance to the prospector.
The occurrence of chromite with platinum; fluorspar
and barytes with galena and zincblende; cinnabar
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with gold; tourmaline, topaz and lithia-mica, with
wolfram and tin ore, are only a few instances.

From a study of many examples, it has been found
that the minerals forming ore deposits have a more or
less regular order of deposition, the formation of certain
minerals regularly preceding or following others with
which they are associated.

This is especially true in the case of segregations from
igneous rocks, in which the formation of metallic
sulphides and oxides generally precedes that of the
silicates which form the bulk of the rocks.

Again, where similar compounds of two metals are
segregated in one deposit, one will precede the other,
as, for instance, the case of the sulphides of nickel, which
are formed before those of cobalt.

Where an originally barren rock has been replaced
by an ore deposit, it is again noticeable that the metallic
minerals have a definite sequence. In ores formed
under pneumatolytic or hydatogenetic conditions, the
sequence of mineralization is generally readily made
out. The order in which the minerals were deposited
in the Cornish tin-copper lodes has been referred to
in the following pages, and serves to illustrate this
point.

Amongst the metallic minerals forming ore deposits,
and which occur as segregations from igneous rocks,
are the native metals, such as platinum; the oxides of
iron with and without titanium, and the sulphides of
iron, nickel, cobalt, and copper.

The replacements include chiefly the sulphides of
iron, lead and zinc ; the carbonates of the same metals,
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with manganese in addition; the oxides of iron and
manganese, and, less frequently, native gold.

The metamorphic deposits are especially noted for
their masses of magnetite and iron and copper pyrites.

Precipitations consist chiefly of oxides and carbonates,
as might be expected from their mode of deposition.

Bedded detrital deposits may contain gold, platinum,
tinstone, iron ores, etc.—in fact, any metal or compound
of a metal which is sufficiently durable and insoluble
to withstand the long-continued action of meteoric
agents.

The changes which ore deposits may undergo after
their original formation may be divided into three
classes : dynamic, thermal, and chemical.

The dynamic changes, often included under the head
of ¢ metamorphosis,’ consist chiefly in the deforma-
tion of pre-existing deposits, their disruption, breccia-
tion, and displacement, and the setting up of certain
structures due to shearing stresses in the earth’s crust.

The thermal changes produced by the heat of the
earth’s interior or the intrusion of igneous rocks include
chiefly the production of new minerals or the recrystal-
lization ‘of those which already existed, but, like the
changes connected with dynamic agencies, are inde-
pendent of the introduction of any new material from
outside the affected area.

Among the secondary changes of ores brought about
by chemical actions, the most important is that effected
by the oxidizing and dissolving action of surface waters
which find their way into lodes and other kinds of
metallic deposits. By these waters (‘ meteoric waters ’)

2
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not only are certain minerals completely decomposed
and fresh minerals formed, but a secondary concentra-
tion of the ores is effected by the reduction of metal-
liferous substances brought down in solution to depths
in the lode beyond the reach of oxidizing influences.

In this way secondary enrichments are formed, which
in some districts are the only parts of the deposits worth
working. The metalliferous minerals which are un-
influenced by the surface waters comprise tinstone,
wolfram, scheelite, and a few other compounds. Others
are not affected unless the water already contains some
salt in solution, as, for instance, in the case of the
solution of metallic gold by ferric sulphate and its repre-
cipitation by ferrous sulphate. As a whole, then, the
chemical changes brought about in lodes by the action
of meteoric waters may be broadly described as those
of oxidation and solution near the surface, followed by
reduction at a variable depth in the lode, depending
upon the distribution of ground water, which in turn is
largely dependent on the climate and structure of the
country. The minerals most liable to these secondary
chemical changes are the sulphides, and the iron and
manganese ores. The secondary minerals formed in this
way comprise sulphides, sulphates, silicates, carbonates,
and oxides. But some phosphates, vanadates, arse-
nates, and other compounds, are also formed, together
with native metals, such as copper, silver, and gold.
The distribution of ground water has been dealt with
in the following pages, but it should here be remarked
that we do not accept in its entirety the hypothesis
that most ores are concentrated by the action of cir-
culating waters. According to some writers, the meteoric
waters are supposed to percolate through the rocks from



INTRODUCTION 19

the surface, and to descend to great depths, collecting
metalliferous minerals as they go. With increasing depth
their powers of solution are augmented by pressure and
heat, and on reascending, the metalliferous minerals are
redeposited in fissures. In the newer and porous rocks
a redistribution of certain minerals by such means does
not appear improbable, but in the case of the Paleozoic
and Archzean rocks it appears more likely that the
meteoric waters have played only a subordinate part in
the formation of ore deposits, and in all cases the re-
concentration of the ores by chemical actions is con-
fined to shallow depths.

The various classes of ore deposits as set out in this
work embrace most of the better-known occurrences.
At the same time it must be borne in mind that any
classification of this kind can only be arbitrary, and
that there are many instances of an ore deposit being
equally well assignable to two positions in the scheme
of classification. This, it is true, often arises from the
meagreness of the information obtainable, but in other
cases there is a distinct overlapping of two classes,
and thus it becomes a matter of some difficulty to
decide the proper place that certain ore deposits should
occupy.

It often happens, for instance, that a deposit may be
classed equally well with the metasomatic or metamor-
phic deposits. Many of the lodes formed under pneu-
matolytic conditions are characterized by metasomatic
alterations in their walls ; but as this is only an attend-
ant phenomenon, and not the principal point of interest
in connection with the origin and nature of the deposit,
this peculiarity is subordinated in the scheme of classi-

2—2
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fication to certain types of ores. As in other cases, the
form of the ore body was determined solely by the
extent of the metasomatic replacement. A special group
of deposits is treated under the separate heading of
Metasomatism.

It has been the endeavour of the writers to present
the main geological features of metalliferous regions as
far as they bear on the origin and nature of the parti-
cular deposits described, and to classify them according
to the leading types. For more detailed accounts of
their commercial value the reader is referred to standard
textbooks, and in particular to ¢ A Treatise on Ore De-
posits,” by Phillips and Louis; ‘ Die Erzlagerstitten,” by
Stelzner and Bergeat; ‘ Gites Métalliféres,” by Fuchs
and De Launay; ‘ The Nature of Ore Deposits,” by
Beck (translated by Weed) ; < The Copper Deposits of
the World,” by Weed ; and ¢ Ore Deposits of the United
States,” by Kemp. Other important sources of infor-
mation are the ‘ Memoirs of the Geological Survey of
the United States of America,” the ‘Zeitschrift fiir
Praktische Geologie,” the ¢ Transactions of the Institute
of Mining and Metallurgy,” and the ‘Transactions of
the American Institute of Mining Engineers.’



CHAPTER 1II

ORES DUE TO THE DIFFERENTIATION
OF IGNEOUS MAGMAS

A CONSIDERABLE number of ore deposits are inti-
mately associated with masses of igneous rock, in such
a manner as to prove without possibility of doubt that
they have been derived from, and formed part of, an
igneous magma. . These deposits must be regarded as
part of the igneous rock with which they are associated,
for they stand petrographically related to the rock-
masses, and there is no evidence of the introduction of
material from outside sources by solutions or pneuma-
tolytic processes (p. 72).

It has been clearly demonstrated that many igneous
masses are far from homogeneous in character, and that
the chemical composition varies considerably from one
part of the mass to another. This lack of uniformity,
which is regarded as the result of a process or series of
processes, to which the name ‘magmatic differentiation’
has been applied, often takes place gradually, and is
chiefly noticeable in the falling off of the amount of
silica in the rock towards its margin. In many cases it
is safe to assume that a magma, prior to its intrusion
into the upper regions of the earth’s crust, was practi-
cally homogeneous, but that, as soon as it commenced
to cool, certain differential processes started to operate

21
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within the fluid, resulting in a local concentration of
certain mineral constituents.

A study of any rock-mass of igneous origin, either
extrusive or intrusive in character, reveals the fact that
the various minerals of which it is composed separated
out from the mother-liquid at different times, and
generally in a more or less definite sequence.

The earliest substances to separate out from a cooling
igneous magma are, generally speaking, the native
metals, the metallic oxides, and the metallic sulphides;
these are usually termed ‘accessory minerals,” owing to
the fact that they form, in most cases, an insignificant
part of the rock-mass as a whole. These are followed
closely by those silicates rich in iron and magnesia, such
as olivine, the pyroxenes and amphiboles, leaving the
last portion to consolidate richest in silica and poorest
in the heavier basic constituents. Normally the acces-
sory minerals should be distributed sparingly, and more
or less uniformly, through the rock-mass; but we
observe that they have often undergone considerable
concentration, in many cases occurring in sufficient
quantity to constitute an ore.

The processes which brought about the concentration
of the accessory minerals are exceedingly complex, but
they were certainly initiated by various portions of the
fluid magma being at different temperatures owing to
the cooling of the mass.

Differentiation is the outcome of either a fractional
crystallization of the various constituents of an igneous
magma, or a separation of a magma into two or more
solutions which will not mix; from which it follows
that the concentration of a mineral depends primarily
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on the temperature at which it crystallizes from, or
becomes insoluble in, the mother-liquor, governed at
the same time by such factors as the rate of cooling of
the magma as a whole, and on the degree of its
viscosity during the process of differentiation. It is a
noteworthy fact, evidently connected with the process
of differentiation, that in any magma the concentration
of a series of minerals takes place in the same order as
that in which they crystallize; and the greater the
difference between the solidifying temperature of a
mineral undergoing concentration and that of the next
mineral to crystallize after it, the more slow the cooling,
and the greater the mobility of the magma promoting
free convection and diffusion, the more complete will
be the concentration of the mineral in the cooler zone.

It has been proved that the viscosity of different
igneous magmas and of artificial slags near the tempera-
ture at which they commence to crystallize varies con-
siderably, according to the chemical composition ; and
that, as a general rule, the more basic magmas, those
with the lower silica percentage and in which soda-
lime and ferromagnesian minerals play an important
part, are the more mobile.

It is not surprising, therefore, to find that in the
basic and ultrabasic magmas, especially those which
have consolidated at great depths below the earth’s
surface, the migration of the accessory constituents to
the margin of the mass has been most pronounced.

Magmas such as those of peridotites, picrites, and.
allied olivine-bearing rocks, as well as those of a great
number of rocks with gabbro affinities, such as the
norites, pyroxenites, essexites, kersantites, etc., may on
differentiation yield varying quantities of platinum,
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gold, osmium, iridium, nickel, cobalt, iron, titanium,
copper, etc., occurring in the form of native metals,
oxides, or sulphides, as the case may be.

To illustrate the result of the processes of differentia-
tion in a basic igneous rock-magma, we cannot do better
than take such a well-known English example as that
of the gabbro of Carrock Fell in Cumberland, described
by Mr. Harker.

A large mass of gabbro was intruded into Lower
Palzozoic sediments; the intrusion has a more or less
symmetrical outline, and covers an area of about six
square miles. There can be little doubt that the gabbro
was intruded as a homogeneous mass, but that, as it
came to rest and began to cool, differentiation com-
menced with crystallization and concentration of the
more basic minerals towards the margin, leaving the
silicious material more prevalent towards the centre.

The accompanying map, based on the work of
Mr. Harker, shows most clearly how various portions
of the mass differ in chemical composition.

The margin of the gabbro consists of a rock very rich
in ilmenite, and also richer in pyroxene than that
towards the centre; it has a silica percentage of only
32'5, and the iron ores, ilmenite and magnetite con-
stitute 21 per cent. of the total rock.

The centre of the mass, however, is a quartz-bearing
gabbro, with a very small quantity of iron ores, not
more than 1 per cent., and the relatively high silica
percentage of 53°5.

These two extreme types pass through an inter-
mediate variety, which may be styled a normal gabbro
neither rich in iron ores nor containing free silica in the
form of quartz.
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The above is a most simple example of the differentia-
tion of a rock-mass in place, by which it is meant that
the differentiation took place in the area where its
results can now be studied. In a great number of cases,
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F1G6. 1.—MAP OF THE CARROCK FELL DISTRICT, CUMBERLAND,
1O ILLUSTRATE THE DIFFERENTIATION OF A GABBRO-MASS
AFTER INTRUSION. (AFTER A. HARKER.)

however, it is found that the products of differentiation
are not so symmetrically arranged as in the above case,
but the more basic ore-bearing material occurs as patches
or strings (schlieren) in a less basic part of the rock.
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It is supposed that these basic patches and schlieren
owe their origin to either convection currents or shearing
stresses acting on the magma during the process of
consolidation, causing portions of the already segregated
and partially consolidated basic material to be carried
into the still-fluid mass by which it failed to be com-
pletely reabsorbed.

As has been stated before, there is good reason to
assume that in the majority of cases the differentiation
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of a rock-mass is closely connected with, and probably
dependent on, the crystallization of its constituent
minerals ; but certain banded ores, which, on account
of the extreme type of differentiation they exhibit,
present marked affinities to the gneisses, seem to have
had a different genesis.

The ores—e.g., ilmenite, magnetite, etc.—in rocks of
this type occur generally as narrow ultrabasic streaks
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separated by less basic material. It is, moreover,
evident that these ore-bearing layers and the less basic
material between them crystallized simultaneously, and
that they existed together in the fluid state.

It is probable that the various layers are the result of
the intrusion of a magma which had differentiated,

Mica Syenite
Porphyry
Igneous Vein showing

ersantite

marginal segregation
f e 8 L0

Gl Kersantite

Fi16. 3.—VEIN OF MicA SYENITE-PORPHYRY, SHOWING MAR-
GINAL SEGREGATION OF FERROMAGNESIAN MINERALS AND
IRON ORES. (AFTER J. H. L. Vocr.)

before intrusion, into two or more magmas which did
not intermingle. That is to say, that the original
magma was in this case heterogeneous at the time of
its intrusion, and that the differentiation was in a
great measure independent of the crystallization of
the individual minerals.

With regard to the differentiation of sills and dykes,
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or the lesser intrusive bodies generally, the segregated
minerals are identical with those from similar magmas
existing in the larger masses, but the differentiation is
not often so well displayed.

It has been noticed that occasionally sills and dykes
show a concentration of basic minerals on their lower
surfaces, and it is here supposed that the differentiation
was largely brought about by gravity acting on the
partially solidified magma, causing the early and heavier
products of consolidation to sink in the mother-liquor
and to form a basic substratum.

Rocks erupted at the surface as lavas have in general
cooled so rapidly that differentiation on anything like
a complete scale was next to impossible.

So far we have been dealing chiefly with the differ-
entiation of a magma in the position in which we are
now able to study it, but we can conceive many rock-
masses existing in reservoirs far below the surface of
the earth, which have already been differentiated into
various rock types, and possibly with ore deposits
marking a zone.

Such a differentiated mass under the influence of
increased temperature and earth movement might be
intruded into higher and cooler regions of the earth’s
crust.

The intrusion of this rock-mass would take place in
successive stages, and each stage would be characterized
by a magma of different chemical composition.

From these magmas would originate a group of rocks
differing widely from each other in type, but yet tied
together by some common mineralogical characteristic,
such as the presence of hypersthene, for instance
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(p. 41). The rock-masses thus formed, although they
occur in one district, and are possibly in contact with
each other, will not graduate one into the other, but
will be separated by hard-and-fast lines. Taken
together they will form what is known as a  petrological
complex,’ or a group of cognate igneous rocks.

A study of such a group of rocks will show that they
were intruded in a more or less definite order, and that
this order was usually one of basic to acid in the case
of the larger plutonic masses, and acid to basic in the
later minor intrusions.

These rock-masses, although they are 'themselves
products of differentiation before intrusion into their
present position, have in most cases undergone further
differentiation in place, and have often given rise to a
series of satellitic dyke rocks.

In the more basic rocks which have thus undergone
a double process of differentiation, marginal concentra-
tion of ore material is often exceedingly well displayed.
Examples of such cognate groups of igneous rocks are
extremely numerous, but perhaps the best known are
those of Essex County, Mass., and of the Christiania
district of Norway, where the rocks vary from an
olivine-gabbro-diabase, with a silica percentage of 46°5,
to a potash granite with 64°2 per cent. of silica.

Pegmatites, which are often the carriers of many rare
minerals, are highly silicious igneous rocks, generally the
direct result of the differentiation of the less basic plutonic
magmas, and represent the most acid and unconsolidated
part of a differentiated mass squeezed out into the sur-
rounding rocks. In a petrographical complex they are
usually seen to be the latest products of consolidation,
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and to cut all the other igneous rocks of the series to
which they belong. They are especially interesting on
account of the minerals occasionally met with in them,
amongst which are several containing the rarer elements,
cerium, lanthanum, didymium, yttrium, thorium, etc.
It has been suggested that certain gold-bearing quartz
rocks are the ultimate products of the differentiation of
an igneous magma, and that they represent one phase
of differentiation beyond that presented by pegmatites,
aplites, and allied rocks (p. 33). A dydrothermal phase
of some pegmatites is now recognized, and is gener-
ally represented by silicious deposits (often containing
rare minerals) formed in fissures as a continuation or
prolongation of the pegmatite. ~This ultimate phase
is explained by the fact that the pegmatites with
which it is found contained a considerable amount of
water, which was given off as solutions rich in silica
and other substances during the final stage of consolida-
tion of the pegmatite.

The researches of Vogt in Sweden and elsewhere, and
his deductions, form the natural basis for any classifica-
tion of segregated ore deposits. In following him, we
shall divide the ore deposits which are the results of
magmatic differentiation into three groups, as follows :

1. Segregations of native metals.
2. Segregations of metallic oxides.
3. Segregations of metallic sulphides.

It must be understood at the outset that all these
groups merge into each another, and necessarily over-
lap ; for it is just as difficult to draw a hard-and-fast line
between the various types of ore deposits as it is to
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trace the shades of difference in the various rock-masses
to which they owe their origin.

SEGREGATION OF NATIVE METALS.

There are many well-authenticated examples of native
metals occurring in association with igneous rocks in
a manner which proves their igneous origin, but very
little is known concerning their segregation, or of the
state in which they were carried by the igneous magma.
So far the chief metals known to occur native in igneous
rocks are gold, platinum with osmium and iridium,
nickel, and iron, and these all seem to be present as
original constituents. In some few cases it can be
proved that they have undergone a certain amount of
concentration during the solidification of the respective
magmas by which they are carried.

Gold.—That gold is an extensively distributed con-
stituent of igneous rocks is proved over and over again
by its widespread occurrence in alluvium of all ages
formed from the waste of igneous rocks under the in-
fluence of denuding agencies. But apart from this
indirect proof, free gold has been detected in a great
variety of rock types, amongst which may be mentioned
granites, pegmatites, diabase, diorite, and others of still
more basic character.

From a choice of many examples, it may be stated
that free gold occurs in the granites of Brazil and of
Sonora in Mexico. The pegmatites and allied rocks
have yielded this metal in the Dargo and Omeo dis-
tricts of Victoria, Australia, in the Berezov district
of the Ural Mountains, in the Silver Peak district of
Nevada, and the Yukon district of Alaska. The dia-
bases and diorites of British Guiana, the Appalachian
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region, Queensland, and many other districts, have been
proved to be parent rocks of much gold now occur-
ring in placers (p. 381). Gold has been noted as an
original constituent of porphyritic syenites in British
Columbia and other adjacent areas; in pitchstone in
Chili; and in peridotite from Damaraland. In the
Australian plutonic rocks it has only been found in
association with pyrites. With regard to the occur-
rence of gold in Nevada mentioned above, a word or
two will not be out of place concerning its mode of
origin.

It is contained in quartz-felspar rocks, to which
the name alaskite has been given; this rock graduates
into pure quartz, which is looked upon as the ultimate
product of differentiation of a granitic magma. The
Silver Peak district is one of abundant granitic rocks,
which are intrusive into the Palaozoic strata. These
muscovite-biotite granites pass into aplitic and peg-
matitic types consisting of quartz and alkali-felspar.
The alaskite, by the diminution of felspar, passes into
pure quartz veins, which are said to have the same
genetic relation to the alaskite as it has to the granite.

These quartz veins, often of lenticular form, are the
source of much gold, and a figure showing their mode
of occurrence is given below.

By far the greater number of rich alluvial gold de-
posits have been derived from igneous rocks of an in-
termediate to basic character, and it can be proved that
the gold in the placers of certain districts like British
Guiana is dependent on the distribution of diabase and
diorite. In other cases of more rare occurrence, alluvial
gold has been derived from rocks of granitic character,
including pegmatites and aplites. An example may be

B
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cited from the Blagovyeschensk district, on the borders
of Siberia and Mongolia.

Free gold is found associated with platinum in the
chromite segregations from basic and ultrabasic rocks,
such as peridotite and other olivine-rich igneous masses
(p- 53). The gold placers of the Goroblagodat region
in the Urals and of South-West Oregon have ‘had
their origin in rocks of this nature.

F1G. 5.—SECTION TO ILLUSTRATE THE MODE OF OCCURRENCE
OF AURIFEROUS QUARTZ LENSES IN ALASKITE.

Platinum.—As far as our knowledge goes, native
platinum, as an original rock-constituent, is restricted
to the most basic igneous rocks, such as peridotites and
their altered equivalents, serpentines. With platinum
are associated the two allied metals osmium and
iridium, which are usually combined with each other to
form the alloys osmiridium and iridosmium. Platinum,
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with the metals mentioned above and some gold, is
extracted from the more basic parts of peridotite,
dunite, and serpentine masses occurring in the Ural
Mountains at Nizhne Tagilsk, Mount Solovief, and
other districts, and placers have been worked in the
valleys of the rivers Issa, Wyja, Tura, and Njassma,
which drain the peridotite and serpentine region.

Similar placers derived from similar rocks have been
worked in Northern California. The dunite of the
Tulameen River, British Columbia, contains platinum
associated with chromite. A single but unconfirmed
record of platinum from the Lizard Peninsula in Corn-
wall is interesting on account of the parent rock being
of the usual type which bears this metal.

Platinum is almost always associated with segre-
gations of chromite (p. 53), and, though all chromite
segregations do not carry platinum, this mineral is an
important indicator of the rarer metals; therefore the
necessity of examining all alluvial deposits draining a
region of basic igneous rocks with chromite segregations
cannot be too strongly urged.

Iron. — The most striking occurrence of a native
metal of true igneous origin is that of the iron masses
of Disco Island, on the west coast of Greenland.
Large blocks of almost pure iron were first detected
lying loose on the hill-sides at Ovifak, and were originally
supposed to have a meteoric origin, their resemblance to
meteoric masses being most marked both in appearance
and composition.

Subsequently this iron-bearing rock was discovered
in place, and was found to exist as extremely basic
patches occurring in, and differentiated from, a basalt
porphyrite.

3—2
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The porphyrite consists of labradorite, augite, olivine,
and titaniferous magnetite, set in a glassy ground-mass,
while the basic patches consist chiefly of anorthite and
native iron in grains and lumps. The ore has the
following composition :

Per Cent.
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A curious feature is the relatively high percentage of
carbon, 3'29, which probably exists in the form of
graphite.

It has been suggested that the porphyrite was volcanic
or extrusive in character, but such an origin cannot be
assigned to it without further evidence, especially as the
character of the rock and the extreme differentiation
which bhas taken place point in the direction of in-
trusion.

The nickel in the above ore probably exists as an
alloy with a small proportion of iron, similar to that
described below. ' :

Many eruptive rocks, and particularly the basalts
(e.g., Ireland, Spain, America, Germany), contain
minute grains of native iron, in some cases enclosed by
magnetite.

Nickel.—An alloy of nickel with iron, in which
nickel preponderates, seems to be a product of the
differentiation of certain peridotites and olivine gabbros.
The more usual alloy is that to which the name
‘awaruite ’ has been given, after the district Awarua in
New Zealand. In chemical composition it compares
very closely with some nickel-irons occurring as
meteorites, and contains 67°63 per cent. of nickel, o°70
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per cent. of cobalt, and 31'02 per cent. of iron, corre-
sponding to the formula, 2Ni + Fe.

In New Zealand, on the west coast of the South
Island, large masses of peridotites have been intruded
into the crystalline schists of that region, forming the
Hope, Olivine, and Redhill Ranges. They are some-
what variable in character and partially serpentinized,
but usually contain enstatite. They occupy an area
of 400 square miles, the greatest length being twenty-
five miles. Awaruite is the chief product of differentia-
tion, but with it are segregated small quantities of the
usual accessory minerals of peridotites, chrome-iron ore
(chromite) and chrome-spinel (picotite). This alloy
was first recognized in the alluvial deposits of the
River George, which drains the peridotite-country of
the Olivine Range.

Amongst other localities, nickel alloyed with some
iron is present in the alluvium of the River Elvo, in
Piedmont, Italy, where it has probably been derived
from the nickel-bearing serpentines of the Southern
Alps; it also presumably occurs in this state in the
Disco iron-masses (p. 35).

SEGREGATION OoF METaLLIc OXIDES.

Oxidic segregation, or the local concentration of
metallic oxides in igneous rocks, is one of the most
marked phenomena connected with some types of
igneous intrusions.

To this class of ore deposits belong the segregations
of the titaniferous iron ores—existing as titaniferous
magnetite and ilmenite—chromite, corundum, and pos-
sibly some cassiterite (tinstone). All these segregations,
with the exception of cassiterite, are from basic igneous
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magmas, and exist either as ultrabasic dykes and masses
due to differentiation of the magma before intrusion, cr
as ultrabasic margins to plutonic masses and dykes of
basic character differentiated in place.

In the case of the titaniferous iron ores, most of the
ore deposits form sharply defined masses which do not
graduate into the country rock, and were evidently in-
truded as dykes or small bosses subsequently to the
intrusion of the more acid members of the series to
which they belong and within which they occur.

Dykes in which marginal concentration of metallic
oxides has taken place are not uncommon, and oxidic
segregations also occur in the parent rock as basic
patches, strings, and schlieren. The chief rock-types
yielding these ore deposits belong to the great gabbro
and peridotite groups, and include such rocks as gabbros
with and without olivine, ophitic dolerites with and
without olivine, norites, nephelinites, peridotites, and
picrites.

It is particularly noteworthy that within certain
limits the rocks which yield a segregation of one oxide
differ in character and composition from those segre-
gating a different oxide; thus, for instance, we find
titaniferous magnetite segregated by the olivine-gabbro
of Taberg (p. 42), ilmenite by the hypersthene-gabbro
and norites of the Ekersund (p. 41I), and chromite and
corundum by peridotites.

Together with these concentrations of oxides, as has
been pointed out before, there has been a segregation
of the bisilicates, such as olivine, hypersthene, etc., and
often of phosphorus in the form of apatite (chlor-
apatite), so that it is seldom found possible to obtain
the ore unmixed with other minerals.
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SEGREGATION OF IRON ORES AS OXIDES.

Oxides of iron, usually with a large percentage of
titanium oxide, are fairly common products of differ-
entiation of many gabbro and norite magmas, and they
occasionally occur associated with less basic rocks of
the porphyry and nepheline syenite types, the latter con-
taining generally less titanium oxide and more apatite.
In the more basic rocks, with a silica percentage of less
than 55, owing to the simultaneous segregation of the
ferromagnesian silicates, the ores exist as an intimate
mixture of titaniferous magnetite, or ilmenite, with some
mineral such as olivine or hypersthene, and may be
referred to under such names as ilmenite-enstatite
rocks or magnetite-olivine rocks, according to the two
dominant constituent minerals.

Often with the iron ores are segregated small quantities
of chromite, and they may contain manganese; but
maganese, compared with iron, undergoes very feeble
concentration. The percentage of phosphoric acid
varies remarkably in the various rocks differentiated
from the same magma ; in the earliest intrusion it is often
exceedingly small, but rises gradually to about 2 per
cent. in those which follow. Generally speaking, how-
ever, the titaniferous iron ores are characterized by
a relatively low percentage of phosphoric acid. The
part played by titanium in these ores has been ably
studied by Vogt, who suggests that titanium takes the
place of silicon, and that, in titaniferous magnetite and
ilmenite, titanium oxide acts as an acid radicle, and
combines with the iron oxide to form ortho- and meta-
titanates having the general formule R,TiO,and RTiO,,
where R stands for iron, possibly replaced in part by
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small quantities of magnesium and manganese. The
orthotitanate is generally titaniferous magnetite segre-
gated by the olivine-gabbro magmas, while the meta-
titanate is ilmenite associated with the hypersthene-
bearing rocks.

The ilmenite segregations may be said to bridge the
gap between segregations of orthotitanates and segre-
gations of metallic sulphides, for in most of them we
meet with a fair percentage of sulphides. With the
segregations of orthotitanates we most often get con-
centration of the metasilicate, an example of such a
combination being displayed by the magnetite-olivinite
of Taberg; while metatitanates occur with ortho-
silicates in the ilmenite-hypersthene rocks of the Eker-
sund-Soggendal district.

True magnetite deposits are seldom if ever met with
as segregations from igneous rocks. The ore-masses
given rise to by the more acid magmas, such as those
of the nepheline syenites (p. 52), approximate more
nearly to pure magnetites than any of the ones from
the basic igneous masses. At the same time, however,
the percentage of phosphoric acid is liable to increase.
Magnetite ores, without titanium and with a low
percentage of phosphorus, are almost always associated
with the crystalline schists and other metamorphic
rocks; and it is more or less evident that they have
been formed by the metamorphism of pre-existing
iron deposits of sedimentary or metasomatic origin
(pp- 336, 339)-

Iron Ores from Gabbros and Norites.—In Southern
Norway and Sweden occur numerous masses of igneous
rocks belonging to the gabbro family, and from these
have been segregated some of the most famous iron ores
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of the world. They were studied by Vogt and others,
and, as regards the origin of the ores, are probably
better understood, and have received more attention of
a scientific nature, than masses of similar rocks in any
other country. The district of Ekersund-Soggendal,in
Southern Norway, forms a well-defined petrographical
province, of which the various rock-members are
especially characterized by the occurrence of rhombic
pyroxenes (hypersthene, etc.), and were evidently derived
from a common magma-basin.

This district furnishes us with a most typical example
of the segregation of ilmenite from magmas of a noritic
character, differentiated before their intrusion into their
present position. The rock-types occurring in this
province range from a hypersthene-bearing rock, rich
in labradorite, through ilmenite-norite, which occurs
as dyke-like masses in the labradorite rock, into an
almost pure ilmenite rock containing varying amounts
of hypersthene, and perhaps a little felspar. The pure
ilmenite deposits, when in the form of dykes, cut the
ore-bearing norites, and are therefore the last to be
intruded. The labradorite rock compares very closely
with the anorthosite of South-East Canada and the
Adirondack district (p. 45), where the iron ores have
a similar origin.

The iron ores of the Ekersund-Soggendal occur partly
as segregations from the norite dykes, where they exist
as ilmenite-norites, and partly as veins, schlieren, or
basic patches, which occur in the labradorite rock,
having well-defined boundaries. !

The ore in the norite dykes, such, for instance, as that
at Storgangen, where the ‘ big ore’ occurs, consists of
an intimate mixture of ilmenite and hypersthene, with
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a_ little labradorite, and makes up 40 per cent. of the
total rock.

In the basic strings and patches, such as at Blaafjeld,
ilmenite predominates to such an extent that the rock .
loses its norite character, and the percentage of iron
ore rises to go or 95. The Blaafjeld masses, however,
are exceptionally pure, the more usual percentage for
the purer ores being 70 to 8o.

The magnetic iron ore deposits of Taberg in Sma-
land, Sweden, consist of titaniferous magnetite, and
differ chiefly from ores of the Ekersund-Soggendal type
in this respect, and in the fact that the parent rock is

F1G. 6.—SECTION TO ILLUSTRATE THE MODE OF OCCURRENCE
OF IRON ORES IN THE EKERSUND-SOGGENDAL DISTRICT.

1, Labradorite rock ; 2, schlieren of ilmenite; 3, ilmenite-norite dykes.

rich in olivine instead of hypersthene. The rocks form-
ing the Taberg complex consist of gneissose granites,
olivine gabbro, which has locally given rise to amphib-
olites and hornblende-schists owing to the shearing
stresses to which it has been subjected, and a magnetite-
olivinite which is the ore-bearing mass. There is reason
to believe that they were all derived from the same
magma, which probably differed but little from the
olivine-gabbro in character.

The gabbro, or, rather, the chief outcrop of gabbro,
forms a lens-shaped mass about a mile and one-fifth
long, and nearly half a mile in width. It completely
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surrounds the magnetite rock, which has a maximum
length of four-fifths of a mile, a width of 485 yards,and
rises to about 400 feet (Fig. 7).

Gneissose Gabbrod
WG Granite [Eﬂornblende Magneltite
Schists Olivinite

Fic. 7—MAP OF THE TABERG DISTRICT.
(AFTER TORNEBOHM.)

Scale, 2} inches to 1 mile,

The ore contains 43 to 45 per cent. of ferric oxide
(Fe,O3), with a relatively small percentage of titanium
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oxide, being only 6°3 as compared with 44 per cent. in
some of the Ekersund-Soggendal ores. A most im-
portant feature of the Taberg ore is the very small
percentage of phosphoric acid, which only reaches o'12,
although occasionally going up to 1'5 per cent. Between
1891 and 1895, 83 per cent. of the ore raised was mag-
netite, and 17 per cent. hematite.

The Taberg ore contains a small quantity of vanadic
acid, segregated with the titanium, and in this character
is similar to many other titaniferous magnetite deposits,
such, for instance, as those of Rhode Island and the
Adirondack region in the United States.

It was originally thought that the Taberg complex
was the result of differentiation of an olivine gabbro
magma in place, and that the basic material had segre-
gated towards the centre, instead of, as is more usually
the case, to the margin of the intrusion. However, the
extremely sharp boundaries which exist between the
-various rock-types in this complex, in almost every
instance, disposes of this idea ; for if differentiation had
taken place to any great extent after intrusion, the
margins of the different rock-types would have been ill-
defined, one rock passing more or less gradually into its
neighbours. We must regard the Taberg ore and the
gabbro as separate intrusions, but drawn from the same
igneous reservoir.

Ores similar in composition and origin to those of
Taberg and Ekersund-Soggendal occur at many localities
in Southern Scandinavia, such as at Langd, Gomb, etc.,
and in Arctic regions similar occurrences are met with.
At Lofoten, in Northern Norway, and Valimiki, in
Finland, a basic magma has yielded segregations of
magnetite-olivinite similar to that described above.
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In South Africa, in the Transvaal region, is a great
igneous complex known as the Bdschveld Plutonic
Series. It consists of a great group of igneous intru-
sions, due to the differentiation of a magma before
intrusion, which range from serpentines (probably
altered peridotites) to granites; olivine and hypersthene
gabbros have given rise to rich segregations of very pure
iron ore, while the ultrabasic rocks are associated with
segregations of chromite (p. 53). So far the study of
the relationship of these ores to the parent rock, and
the various rock-types to one another, is far from com-
plete, and most interesting results may be expected in
the future from a closer investigation of this series.

In the New World, in the United States, in New
Jersey, Minnesota, Wyoming, the Adirondacks, and in
the Norian areas of Quebec and Ontario in Canada,
occur masses of gabbro and allied rocks of the gabbro
and norite families which have yielded segregations of
titaniferous iron ores due to differentiation before or
after intrusion.

In the Adirondack region, the largest ore bodies are
met with in rocks, chiefly composed of labradorite
felspar with a little hypersthene, olivine, or augite,
which may be regarded as gabbros or norites, very poor
in the ferromagnesian constituents. This labradorite
rock, to which the name ‘ anorthosite ’ has been given,
bears a very close resemblance both in composition and
mode of occurrence to the labradorite ore-bearing rocks
of Southern Scandinavia.

Masses of a dark basic gabbro are most numerous in
this region, and have yielded segregations of ore. It is
probable that the gabbros and the anorthosites were
derived from separate magma basins, and are themselves



46 THE GEOLOGY OF ORE DEPOSITS

not the products of differentiation of the same magma,
although both are more than usually rich in calcium-
bearing silicates. The anorthosite and gabbro masses
are intruded chiefly into gneisses and crystalline lime-
stones; the ores occur in a manner identical with those
of Taberg, Ekersund, and other areas in Sweden and
Norway, either as basic patches and strings in the
anorthosite, as segregations from the dark basic gabbros
or norites, or as very rich basic dykes, like some of
those in Scandinavia, which were intruded subsequently
to the gabbros.

The olivine, hypersthene, and augite in the labradorite
rock, and also in the gabbro, has almost always under-
gone partial reabsorption, with the formation of a halo
of garnet.

The ores are titaniferous magnetite and ilmenite,
chiefly the former, the percentage of iron varying
from 60 to 30, and the titanium dioxide from 5 to 14.
Of course, some of the iron exists as silicate in the
hypersthene, etc., and is not recoverable as metal.
Sulphidic segregation (p. 61) is generally not well dis-
played by these rocks, especially by the gabbro-masses;
and in this feature the ores are more like the Taberg
segregations than those of Ekersund. Sulphur is, in
fact, hardly ever present in the ore in a greater quantity
than 1 per cent.

Another point of resemblance between the Adirondack
gabbro-ores and those of Taberg is that in almost every
instance there has been a segregation of vanadium oxide
with the titanium, the proportion of vanadic oxide
(V,0;) varying from o'1 to o3 per cent.

The best-known of numerous localities in these
mountains where gabbroic rocks occur are chiefly near
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Elizabeth Town and Westport. Here the ore exists as
basic seams and patches in a hypersthene gabbro, some-
times olivine-bearing, which contains garnets around
the bisilicates, and some spinel. The transition from
the ore to the parent rock takes place quite gradually,
but in a short space, and this is probably due to the
partial reabsorption of the ore body by the gabbro.
The ore contains some ferromagnesian silicates and a
green glass, while in almost every instance vanadic oxide
is segregated. It is poorer in apatite than the rest of
the rock, but the percentage of sulphur, though small,
is greater than in the gabbro itself.

The chief masses of the labradorite-rock, anorthosite,
occur in the district of Lake Sandford and Calamity
Brook. The ores are titaniferous magnetite and ilmenite,
and they are very closely allied to those of the Ekersund-
Soggendal district. They occur as streaks and dykes
of nearly pure titaniferous iron ore, mixed with a very
little ferromagnesian silicate, and as basic patches often
existing well inside the intruded mass.

The ore-bearing dykes of Calamity Brook, Lake
Sandford, and Iron Mountain deserve special mention,
on account of their being separate intrusions, and the
fact that they are more or less restricted to the
labradorite magmas; also on account of the great
similarity they bear to the dykes associated with the
labrodorite rocks of Sweden.

With regard to the origin of these ores, it is evidently
due to the differentiation of a gabbro or norite magma
before intrusion, and may perhaps be explained by the
supposition that, as the magma began to cool, the
titaniferous ores, on account of their insolubility, com-
menced to crystallize out from the still-molten mother-
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liquor. When the ores had formed considerable aggre-
gates, the whole was intruded in higher regions of the
earth’s crust, and under these conditions the segregated
ore bodies could take up any position in the resulting
rock. Almost the same result, however, could be
brought about by the magma separating out into two
magmas of extreme types, and this, perhaps, offers the
better explanation of the ultrabasic ore-bearing dykes
(p- 38).

Iron Ores from Syenite Porphyries.—A few cases
are known in which valuable iron ores have been segre-
gated by rocks of this type. The ore is usually
magnetite, with little or no titanium; but the per-
centage of phosphoric acid rises to a much higher figure
in these rocks than in the gabbros and norites already
described, and the amount of phosphorus is in some
instances sufficiently high to render the ore of very
small value.

Two important areas of iron ores which are associated
with porphyries are the Swedish province of Norbotten
and the Ural Mountains.

In the province of Norbotten, which lies about
67° 50" north latitude, the chief ore deposits occur at
Kirunavaara and Luossavaara. They form two well-
marked parallel ridges, rising in a striking manner from
the lower surrounding country, and running north and
south, Kirunavaara being the more southerly of the
two, and Luossavaara being a little to the north and
east on the other side of the lake (Fig. 8).

The ore bodies are associated with a quartz-free
syenite porphyry, in which they occur as dyke-like
masses, and are presumably the result of extreme
differentiation before intrusionintotheir present position.
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The porphyry has been intruded into a variety of rocks
of sedimentary origin, such as conglomerates and
quartzites, which form the surrounding country.

The southern mass of ore is one and a half miles in
length, and has an average thickness of 230 feet. The
Luossavaara mass, as far as is known, is smaller, being
three-quarters of a mile long and 180 feet wide. The
total ore exposed above the level of the lake, represent-
ing about 200,000,000 tons, consists almost entirely of

KIRUNAVAARA

PORPHYRY

N

Fi1G. 8.—MAP oF THE KIRUNAVAARA REGION.
Scale, 1,250 yards to 1 inch.

magnetite practically free from titanium ; much of itis
also almost free from phosphoric acid and sulphur, but
in some samples the percentage of phosphorus rises as
high as 2 to 3, and in extreme cases even 5 to 6 per
cent. We see, therefore, that in these masses there has
also been an intense local concentration of the phos-
phoric acid, all of which exists in the form of apatite.
The percentage of magnetic oxide of iron (Fe;O,)
in these ores reaches as much as 96°25 per cent., which,

4
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with 1°82 per cent. of Fe,Os, represents 70°8 per cent. of
metallic iron.

The two ore-masses described above are extremely
important ; they form two of the largest in Europe, and
compare very favourably with anyin the United States,
both on account of their size and the general high value
of the ore they yield.

Another locality, also in Swedish territory, is Gellivara
in North Sweden. The ores are similar to those of
Kirunavaara, occuring as magnetite with a varying
percentage of apatite; they are evidently magmatic
dykes, and are associated with two other rock-types—a
rock rich in soda which precedes them, and a quartzose
soda-rich rock which follows them.

In the Ural Mountains there are several well-known
districts in which porphyritic rocks occur, and which
are famous for their iron ore deposits. Amongst these
we may mention the Nizhne-Tagilsk district, including
the Wyssokaia Mountains and the Goroblagodat district.

In the Wyssokaia region there are many intrusions
of quartz-free porphyries consisting of orthoclase, plagio-
clase and augite, or augite converted into hornblende.
The segregations from these masses are largely magne-
tite, existing as irregular patches and veins which pass
insensibly into the surrounding rock. The ores there-
fore seem to have been formed simultaneously with the
igneous rock, and are not the result of a subsequent
intrusion of the more basic part of a differentiated
magma. They are distinguished by their purity and
good metallurgical qualities, being practically free from
sulphur, and containing not too great a percentage
of phosphoric acid.” The magnetite of these ores has
generally undergone secondary changes, resulting in
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the mineral martite, which is abundant all through the
Tagilsk district.

The Goroblagodat district offers very good examples
of iron ores existing as segregations from syenitic
magmas. The rocks of the Mount Blagodat region
are similar to those of Wyssokaia, but present a slightly
greater variety, ranging from true augite syenites to
fine compact orthoclase rocks. The figure below shows
the mode of occurrence of the ore bodies, and it will be
seen that they exist in several well-marked dyke-like
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F1G6. 9.—DIAGRAMMATIC SECTION TO ILLUSTRATE THE MODE

OF OCCURRENCE OF IRON ORES IN THE MOUNT BLAGODAT
REGION.

1, Epidote-garnet rock ; 2, porphyry; 3, iron ore.

layers, making a fairly big angle with the horizontal.
They are separated from each other by the syenitic
rocks, and their margins are well defined. The rocks
as a whole have undergone a good deal of metamor-
phism, giving rise to such minerals as garnet, epidote,
etc., and the district has been affected by many dis-
placements subsequent to the formation of the ore.

In North America the iron ores of Iron County,
Utah, are partly due to segregation from igneous rocks,
and partly to metasomatic replacements (p. 240) and

4—2
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secondary enrichments in the surrounding rocks. The
ore of igneous origin consists of magnetite with a low
percentage of phosphoric acid, and occurs as nearly
vertical dykes in a hornblende porphyrite. In mode of
occurrence these masses are similar to those of the
Goroblagodat region.

Iron Ores from Nepheline Syenites.—Nepheline
syenites and their satellitic differentiation products are
a dominant feature of some of the Continental coastal
ranges. But as regards segregations of iron ore, the
best examples may be taken from Brazil. Two impor-
tant areas of iron-bearing rocks, known as Jacupiranga
and Ipanema, occur in the district of Sio Paulo; they
are separated from each other by the Serra do Mar, and
are about ninety miles distant from each other. The
ores owe their origin chiefly to the differentiation of
a magma before intrusion, but also in a measure to the
further differentiation of some of the resulting rocks in
place. Theregion of Sdo Paulo is one of clay slates and
phyllites, cut by a great variety of intrusive rocks all
rich in alkalies, and include such types as orthoclase-
pyroxene, orthoclase-nepheline, and plagioclase-nephe-
line rocks, with teschenites, vogesites, etc. From the
family resemblance presented by these intrusions and
other considerations, we are led to regard them as the
products of differentiation of a magma allied to that of
a nepheline syenite. The chief ore-bearing rock is a
pyroxenite, occurring in bosses and dyke-like masses, and
consisting of a violet titaniferous augite with magnetic
and titaniferous iron ores. Locally the iron oxides pre-
dominate to such an extent that the pyroxene practically
disappears, and the rock becomes almost a pure ore.

Several of the ore-bearing pyroxenites contain nephe-
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line, especially that to which the name ¢jacupirangite’
has been given, but with the prevalence of nepheline
magnetite becomes less common, while several other
accessory minerals, such as perofskite and apatite
become less rare. :

A tantalo-niobate occurs associated with some of the
ores, and is interesting as being analogous to the segre-
gation of the vanadinates in the Taberg and Adirondack
gabbros.

From a consideration of the above, it will be seen
that the magnetite deposits of Siao Paulo and other
districts in Brazil have a somewhat different origin to
the iron ores of other areas, and that the parent magma,
through differentiation, has given rise to a series of
rocks differing in a great measure from those associated
with the iron ores which we have previously dealt with.
A marked example of similar rocks yielding magnetite
deposits may, however, be cited from Alng, in the
Gulf of Bothnia, where iron ores have been segregated
by rocks having nepheline syenite affinities.

SEGREGATION OF CHROME IRON ORE.

Chrome iron ore, or chromite, in its mode of occur-
rence and general habit is closely allied to magnetite,
but, as far as is known, is only found as a segregation
from basic and ultrabasic rocks. It may be regarded as
the most characteristic differentiation product of the
highly basic ferromagnesian silicate mtagmas, such as
those of the peridotites, picrites,and highly basic gabbros.
All these ferromagnesian silicate rocks are most liable
to alterations, which result in the formation of serpen-
tines, and it is largely in masses of serpentine that
chromite is mined.
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This mineral is widely distributed, but it will suffice
to mention a few localities. Perhaps the most impor-
tant chromite deposits are those of the serpentine
masses of Asia Minor, especially those occurring in the
neighbourhood of Daghardy. The ore exists as stock
or dyke-like masses, schlieren, and ultrabasic patches
in serpentine formed by the alteration of peridotites
and picrites.

Similar deposits exist in the region of Kraubat, in
Upper Styria, where many peridotite masses occur,
as segregations in serpentine in New Caledonia, in the
ultrabasic members of the Boschveld Plutonic Series
in South Africa, in fresh peridotites within the North
Polar Circle, in Northern Norway, North Carolina, and
many other districts.

An analysis of the Kraubat ore gives the following
percentages:

SiO, 43
MgO 9'7
CaO 64
FeO oap o WP
AlLO, 500 s T2
Cr,O, S 502

Although the British peridotites, picrites, and ser-
pentines, as well as other basic rocks, often contain
chromite, no deposits of economic value are known.

In Africa some Southern Rhodesian serpentines have
yielded chromite and picotite, with traces of platinum
and a small proportion of nickel and cobalt as sulphides.

\/ SEGREGATION OF CASSITERITE.

Cassiterite (tin dioxide) is not usually met with in
the oxidic segregations from igneous rocks, although it
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is an original constituent of many granites and rhyolites.
Should tin exist in the oxidic form in an igneous
magma, we should, on theoretical grounds, expect it to
be segregated with the iron and titanium oxides; but
from the rare occurrence of such an association, as
well as the presence of fluorine- and boron-bearing
minerals in most cassiterite deposits, we are forced to
the conclusion that the tin in most magmas did not
exist simply as a dissolved oxide, but as some other
compound, such as fluoride (p. 79).

It is considered that tin in most granitic magmas
existed in a fluid or gaseous state until the final stages
in the consolidation of the rock-mass, where it would
be deposited largely in the marginal portion of the
intrusion, and would probably also invade the country
rock.

Should pegmatites be formed by differentiation, they
might be expected to be rich in this metal. Tin-bearing
pegmatites of this character would, however, contain
those minerals which are looked upon as 1nd1ces of
pneumatolytic action.

In the Rooiberg district (near Warmbath, Transvaal)
deposits of tin ore occur which are believed to be
genetically connected with metalliferous pegmatites,
and not to be due to pneumatolytic action. The as-
sumption is, that some of the tin ores were deposited
as an extreme hydrothermal phase of the pegmatites.
The tin ore is found both in a red pegmatitic granite
(with which is associated a copper vein remarkable for
its paragenesis), and in the felspathic quartzites and
shales of the Upper Devonian (Pretoria Series ?),
among which the igneous rocks of the district were
intruded. The pegmatites occur near the margin of
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the granite, and consist of stanniferous quartzose and
felspathic varieties; near them the granite contains
fluorspar. The copper lode is believed to be connected
with the pegmatite-phase of intrusion, and consists of
quartz, felspar, muscovite, siderite, calcite, fluorspar,
and copper and iron pyrites. The presence of specular
iron ore in small quantities in the lodes, and separately
in quartz veins, is of interest. The extreme hydro-
thermal phase is supposed to be answerable for the
metasomatic replacements of quartzite by tin ore, de-
scribed on p. 298.

The granitoid rock of Etta Knob, in South Dakota,
which is so rich in cassiterite, has been regarded as
showing marginal segregation of this mineral. We
cannot, however, accept it as an example of true
segregation such as we have considered previously.
The outer zone of the granitoid mass differs con-
siderably from the rest of the rock, is highly altered
in character, and contains abundant fluorine-bearing
minerals, such as spodumene, etc. This deposit more
probably results from pneumatolytic processes acting
on the margin of the rock-mass during the later stages
of consolidation. A similar coarse pegmatite occurs in
Texas (Llano County), and contains many rare radio-
active minerals, such as gadolinite, but, unlike the Etta
Knob pegmatite, is non-stanniferous.

An interesting example of what appears to be a true
oxidic segregation of cassiterite has lately been de-
scribed by the Geological Survey from Ross-shire.
The ore occurs in a foliated granite gneiss as streaks
and veins 100 to 250 yards in length, and 10 to 15 yards
in width; it consists chiefly of magnetite, with from
3 to 5 per cent. of cassiterite, and, as we should expect
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in any true segregation of cassiterite, there is a com-
plete absence of tourmaline and other minerals of
pneumatolytic origin.

The relation of the ore-masses to the rest of the
gneiss is obscure on account of the shearing and
faulting which the district has undergone ; and although
magnetite occurs disseminated through the country
rock, cassiterite has as yet not been detected.

Although the ore is most probably a segregation, we
must not lose sight of the possibility that these veins
might have belonged to the sediments of the Moine
Series, which as the result of profound metamorphism
have been converted into granulitic gneisses.

A somewhat similar occurrence appears to be that
of Nurunga, in Bengal, India, where tinstone is asso-
ciated with magnetite, black mica, and felspar, in
lenticular beds in gneiss. The origin of the ore is
uncertain, but the tin may possibly be connected with
the pegmatite veins which traverse the gneiss.

Cassiterite occurs as an original constituent of a
few granites and acid volcanic rocks (e.g., Banka and
Billiton Islands), diffused more or less uniformly
through the rock-masses, but particularly as inclusions
in mica. It seldom occurs in sufficiently large quan-
tities to be of any direct economic value, but such
rocks may yield rich alluvial deposits. Tin-bearing
granites are usually characterized by the presence of
tourmaline and lithia-bearing mica.

SEGREGATION OF ALUMINA AS CORUNDUM.

Corundum cannot truly be regarded as an ore, but
the mineral is of such economic importance as an
abrasive agent, and so well illustrates the processes of
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segregation and metamorphism, that it has been found
desirable to include it in this work.

Although many of the corundum deposits of Central
Europe, India, and South Africa, are of metamorphic
origin (p. 344), a certain number in other parts of the
world result directly from the differentiation in place
of basic igneous magmas, and those of the United
States are especially instructive. True segregations of
corundum occur in the Appalachian region of the United
States, and are yielded in all cases by rocks rich in
magnesia and iron, and relatively poor in silica.

The greater number of corundum segregations are
from peridotites and serpentines, a few from norites,
and a still smaller number from amphibolites formed
from the pyroxene-bearing rocks by the processes of
dynamic metamorphism. The corundum forms an
integral part of oval and lenticular intrusions of these
rocks occurring in a metamorphic area largely composed
of gneisses and schists. The peridotite masses of the
United States, in which corundum has been found in
quantity, range from the central district of Alabama
northwards to the Gaspé Peninsula on the Gulf of
St. Lawrence. They are especially frequent in North
Carolina and Georgia; others occur in Connecticut
and Massachusetts, and norites are mined in the neigh-
bourhood of Peekskill in the State of New York. In
every case, the concentration of the ore has taken place
at the margin of the rock-mass in the cooler zone, and
thus occupies a position analogous to that of some of
the iron ores described above, and most of the nickel-
bearing segregations of Norway and Canada, to be
described later. The figure given below shows the
general position occupied by the corundum ore with
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reference to the parent peridotite mass, and is accom-
panied by a section showing the relations in depth.
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of sediments, and should be readily distinguished; for
besides the marked differences in the mode of occurrence,
there is usually a complete absence of true metamorphic
minerals, such as cyanite, which play such a prominent
part in the corundum rocks of Burma, Siam, and other
districts. In the case of the peridotites, there is little
doubt that the alumina was dissolved in the original
magma at the time of its intrusion into the country
rock, and that it separated out together with other rather
insoluble oxides, such as chromite and magnetite, at an
early stage, as the mass commenced to cool.

It has been proved that alumina is soluble to some
extent in molten magnesium silicate, and if the magma
has no excess of magnesia, then all the alumina crystal-
lizes as corundum. If, on the other hand, there is a
slight excess of magnesia over the magnesium silicates,
some of the alumina will combine with that, and
crystallize as spinel, the remainder forming corundum.
It is therefore not surprising to find spinel segregrated
from basic magmas rich in magnesia, and occurring as
a frequent associate of corundum.

In Canada, supposed original segregations of corun-
dum occur in Ontario, and have been derived from
rocks ranging from a normal syenite to a mica, horn-
blende, or nepheline syenite. But their mode of origin
has as yet not been satisfactorily proved, and it seems
that they present points of likeness to the deposits of
Upper Burma which are metamorphic in character.
It is most probable that true segregations of corundum
will be found to be restricted to the more basic plutonic
masses representing the magmas rich in magnesium
silicates.

Corundum may be formed in some instances by the
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absorption of aluminous material by an igneous magma
on its passage through a sedimentary series of rocks,
and the subsequent crystallization of the excess of
alumina on cooling. The action between the igneous
rock and sediment is, however, generally quite local,
and takes place within narrow limits; it is doubtful
whether the formation of corundum in such cases should
be regarded as a true segregation, for it seems more
natural to regard it as the outcome of a metamorphic
process identical with that which gives rise to the
corundum in masses of sediment caught up and included,
without absorption, in an igneous magma.

SEGREGATION OF METALLIC SULPHIDES.

Segregations of sulphides of certain metals, as well
as small quantities of arsenides, are highly characteristic
of several types of igneous rocks, and are clearly the
direct result of the differentiation of the magma either
after or before intrusion. By far the greater number
of sulphidic segregations are yielded by basic igneous
rocks, rich in such ferromagnesian minerals as hyper-
sthene and other orthorhombic pyroxenes; and with a
silica percentage of not more than 55. The sulphidic
compounds are apparently soluble in fused silicates at
high temperatures. The metallic sulphides which
characterize this class of segregations are those of
nickel, cobalt, copper, and iron; there is usually some
titanium, and occasionally the percentage of oxidic iron
ores may reach a considerable figure in segregations
which form the connecting links between the oxidic
and sulphidic types. Very occasionally some of the
rare metals, such as platinum, iridium, rhodium, and
palladium, are found associated with the metallic
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sulphides, but they exist only as arsenides, as far as is
at present known. In the sulphidic segregations from
basic igneous rocks there is generally an absence of
lead, zinc, silver, antimony, bismuth, and tin, and
arsenic is of rare occurrence. Molybdenum 1s not an
uncommon constituent of certain granites.

Should several metals exist as sulphides in one and
the same magma, it has been found that they have a
definite order of crystallization, and therefore a varying
degree of concentration ; for instance, suppose a magma
to contain nickel, cobalt, iron, copper in the form of
sulphides, and some titanium, on cooling, pyrites rich
in cobalt would be the first mineral to crystallize, and
would be segregated with the titanium. The pyrites
would be followed by nickeliferous pyrrhotite, pyrrhotite,
and copper pyrites. Pyrrhotite appears to favour those
rocks rich in ferromagnesian minerals, while pyrites is
not so restricted.

The concentration of sulphides is generally best
displayed by magmas which have differentiated in place,
and the segregations are almost always marginal in
character, thus differing from so many oxidic segrega-
tions which occur as ultrabasic dykes and schlieren due
to differentiation of the magma before intrusion.

Another difference of importance is that in the case
of sulphidic segregations there has been no comple-
mentary segregation of the ferromagnesian silicates,
as was such a conspicuous feature of many of the
segregations of oxides previously described.

Rocks with gabbro affinities may be divided roughly
into two overlapping groups—the one olivine-bearing,
and the other containing some orthorhombic pyroxene,
such as hypersthene. The olivine-bearing rocks, as well
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as many of the other group also, as we have seen, are
characterized by oxidic segregations; but the second
group includes the norites and hypersthene gabbros, to
which the chief segregations of metallic sulphides owe
their origin.

Rocks which, at first sight, seem to be of a different
type to those mentioned above have occasionally yielded

FIG. 12.—SECTION TO ILLUSTRATE THE MODE OF OCCURRENCE
OF SULPHIDIC SEGREGATIONS CONNECTED WITH NORITE
INTRUSIONS.

1, Norite; 2, sulphidic segregation (pyrites) ; 3, gneiss
(country rock).

segregations of sulphides, especially of nickel and
cobalt. They are chiefly what may be termed ‘ gabbro-
diorites,” but they were evidently pyroxenic rocks origi-
nally, and have been altered by metamorphism of a
regional type, which has developed hornblende (uralite)
at the expense of the pyroxene.
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SEGREGATIONS OF NICKEL AND COBALT.

The nickel and cobalt ores that occur as segregations
from norites and other hypersthene-bearing rocks, may
be divided into two groups:

(a) Sulphidic ores, consisting of the iron-nickel sul-
phides, pyrrhotite, and nickeliferous pyrites, and the
nickel sulphides millerite and polydymite.

(b) Silicates, consisting of several nickel-bearing
silicates formed by the alteration of sulphides and
arsenides subsequent to the segregation.

Nickel and cobalt invariably occur together, but the
ratio of the two metals is a most inconstant quantity,
varying considerably according to the type of sulphide
which carries them, and being governed to a great extent
by the rate of cooling of the magma. Nickel is segre-
gated chiefly as nickeliferous pyrrhotite, a double sul-
phide of iron and nickel, and occurs with titaniferous
iron ore and a fair quantity of copper and iron in the
form of pyrites (CuFeS,).

Pyrrhotite always contains 2 to 5 per cent. of nickel
and cobalt taken together, and should a pyrites crystal-
lize out before the pyrrhotite, it is generally richer in
cobalt than in nickel; thus, while in the pyrrhotite the
ratio of nickel to cobalt is as 10 to 1, in the pyrites it is
reversed.

The iron sulphide segregations, containing a high
percentage of nickel and cobalt (15 to 20 per cent.), do
not carry these metals combined with pyrites, but as
the sulphides millerite and polydymite, containing 5 to
10 per cent. of nickel, intimately mingled with the
pyrites.

The average nickeliferous ores contain about I per
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cent. of Co to 6—8 per cent. of Ni, but in some cases
the ratio is as 1 to 3 or as 1 to 10 or 15. This varia-
tion is due, as before stated, not so much to the original
content of the magma, as to the degree of concentration
dependent on the rate of cooling of the magma as a
whole.

Numerous examples of sulphidic segregations of nickel
and cobalt from norites may be drawn from Southern
Norway and Sweden, Piedmont in Italy, Canada, and
the United States of America ; and other nickel ores are
met with in Malaga, New Caledonia, Oregon, and North
Carolina, associated with serpentines.

In the Erteli district the ore-bearing rocks form a
transitional series from ordinary norites, which contain
most of the ore, to an olivine gabbro without ores, and
present a most instructive example of the results of
differentiation. The rock-mass varies gradually from
an ordinary augite- and olivine-free norite, through a
diallage-bearing but olivine-free norite,toa hypersthene
gabbro; which gives place to an olivine norite, and
ultimately to a hypersthene-free olivine gabbro. The
olivine is segregated on the one hand, and the rhombic
pyroxene with the nickel ores on the other. At Klefva,
in Smaland, the rock-masses vary from a hypersthene
gabbro to a pyrrhotite norite, and are identical in
original character to those described above, but subse-
quent changes have resulted in the transformation of
many of the rocks from gabbros to uralites.

Good examples of the marginal segregation of nickel-
iferous pyrites from norite and gabbro-magmas are also
furnished by the following three localities—the Nysten
and Bamle Mines, the Meinkjaer Mines, and the Skang
Mine.

5
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The ore is magnetic pyrites with 5 to 6 per cent. of
nickel and cobalt, and is met with at the junction of
the gabbro-masses with the hornblende-schists, etc.,
into which they are intruded.

Although the ores almost always exist at the peri-
phery of the rock-masses, veins and patches occur in
some cases. These patches are sometimes composed of
pyrrhotite norite, sometimes of extremely pure pyrites,
and occur well within the gabbro-masses.

Another well-known European example is that of
Varallo in Piedmont. The mica schists and gneisses
of the Monte Rosa neighbourhood are broken through
by masses of norite, which are sometimes without
olivine and augite, but at other times contain these two
minerals.

The ore consists of a pyrrhotite norite, as-in the case
of the Scandinavian masses; it contains 4 to 5 per cent.
of nickel and cobalt, and occurs at the contact of the
igneous rocks with the schists and gneisses, into which
they have been intruded. Two well-known mines are
the Cevia and the Sella-Bassa.

The' nickel ores of Canada and the United States
occur in three ways—either as masses fringing the
intrusions, as impregnations through the rock-mass, or
as veins filled by solutions subsequently to the intrusion
of the magma. The last two types are not segrega-
tions, but belong to a different category, and therefore
will not be discussed here, but in their place in a
subsequent part of this volume. In Canada the ores
of Sudbury have received the most attention, and
although several theories have been propounded to
explain their origin, none seems so- satisfactory as
segregation.
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The ore-bearing rocks without exception are norites
or derivative diorites (uralites), and have been differen-
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which yield nickel ores on their margins, and small
bosses of norite also occur. The most interesting mass
is the one shown in the accompanying map as ranging
north-east and south-west of Windy Lake. Here the
marginal position of the ores is well seen, and the varia-
tion in the rock-mass may best be studied. The interior
of the igneous masses consists of a pegmatite with a
silica percentage of 69'7 and a specific gravity of 2'69;
followed towards the margin, the silica falls to 49'9, and
the specific gravity rises to 285, as the rocks loose their
pegmatitic character and pass gradually into norites.
In the ore itself the silica percentage is less than 10.

Similar masses occur nearer to Sudbury itself, and
several nickel-bearing norite dykes may be noticed, as
at Stobie and Worthington.

With the nickel is segregated a fair quantity of copper
in the form of chalcopyrite, and some magnetite, so that
the chief ores are chalcopyrite, pyrrhotite, and pent-
landite. The ratio of copper to nickel is most variable,
and, taken against Ioo parts of copper, the nickel varies
from 21'5 to 170.

In consideration of the origin of these ores, it is
interesting to note that there is almost a complete
absence of underground water in the mines, making it
more or less evident that solution has played no part,
and this is still further borne out by the fact that none
of the minerals show traces of hydration.

Sudbury, besides furnishing us with some of the best
examples of sulphidic segregations, is also characterized
by the comparatively rare segregations of arsenides, the
most remarkable of which is sperrylite, essentially a
platinum arsenide, having the theoretical composition
PtAs,.
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A detailed analysis gives the following figures, and
reveals the fact that other rare metals besides platinum
are represented :

Per Cent.
RESE e 54°47
R Res (C7AE
Bt Sepstitrace
As ... TRA 2623
Sbiy-* . 054

Gold, silver, and some tin, have also been detected in
the Sudbury ores, and platinum in the nickeliferous
ores of Klefva. In the United States one of the most
famous nickeliferous districts is that of Lancaster Gap,
in Pennsylvania. Here we have a most beautiful
example of differentiation in place, for the intrusion,
which is almost symmetrical in form, rapidly becomes
more basic towards the margin, along which the nickel
ores form an almost continuous zone. The igneous
mass consists of amphibolite, a uralitized norite, in-
truded into mica schists, and the ores of pyrites and
nickeliferous pyrrhotite. Analogous to the segrega-
tion of sulphides and arsenides from the Sudbury norites
mentioned above are the segregations of nickel arsenide
connected with the Malaga serpentines. These rocks
vary from true peridotites, through picrites, to norites,
and the ores change from nickel silicates near the
surface to nickel arsenide in depth. They are associated
with a good deal of chromite, which in the richer ores
is seen to have been segregated at an earlier period than
the nickel arsenide which fills the interstices between
the chromite crystals. The nickel silicate ores contain
from 1 to 20 per cent. of nickel, and are evidently
derived from the arsenide, which is a true differentiation
product, by the action of circulating waters.
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Districts in New Caledonia, Oregon, and North
Carolina, all yield nickel silicates associated with olivine
rocks, such as peridotites, now converted into serpentines.
It is quite possible that these ores have been derived
from segregated sulphides and arsenides, but as yet the
unaltered minerals have not been met with.

SEGREGATIONS OF COPPER AS PYRITES.

Little need be said regarding the segregation of
copper ores from igneous magmas, for their mode of
origin is identical with that of nickel and cobalt, and
they often accompany those metals in considerable
quantity. Copper ores as sulphidic segregations are
not common, however ; most of the rich deposits have
a different origin, and exist either as precipitations
from solutions or as pneumatolytic and metasomatic
deposits. _

It has been previously stated that copper in the
segregations almost always exists as the copper-iron
sulphide chalcopyrite (CuFeS,), and is usually asso-
ciated with basic pyroxenic igneous rocks. In the
Namaqualand district of South Africa, sulphidic copper
ores occur associated with igneous rocks. The district
is one of granite, gneisses, and schists, capped locally
by sediments, and pierced by intrusions of basic igneous
rocks of gabbro affinities. The ore deposits are irregular
in form, and occur both in the basic rocks and in the
granite. At Nabatiep the ore occurs chiefly in the
basic rock as streaks and bunches, and seems to be
a product of differentiation.

In the nickel-bearing ores of Sudbury, in Canada, and
other regions, the percentage of copper is occasionally
large, and, according to some authors, the rich copper
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ores of Tuscany, Liguria, and North Italy, associated
with serpentinous rocks, must be looked upon as mag-
matic segregations.

It is interesting to note that copper pyrites exists in
fair quantity in the basic patches occurring in many
granites and syenites, especially in the latter. It has
been found in the basic inclusions of the Plauenscher-
grund syenite, where its concentration is due to the
early crystallization of the sulphides from the syenite
magma.

In addition, certain pegmatites in British Columbia
and in the Encampment district of Wyoming contain
streaks and veins of bornite which appears to be a
product of differentiation.



CHAPTER III
PNEUMATOLYSIS

A GREAT many ore deposits are now recognized to be
directly connected with plutonic intrusive rocks, and
to have been derived from them through the agency
of magmatic gases dissolved in them at the time of
intrusion, and existing, therefore, at high pressure and
above their critical temperature.

The conditions of pneumatolysis are those of the
liberation of magmatic vapours and steam during the
consolidation of the deep-seated intrusive rocks. The
action is not thought to have ever occurred before
consolidation to any extent, while after complete con-
solidation the process may be regarded as having
altogether ceased.

The vapours during the consolidation of the magma
played an important réle in the extraction of the metals
disseminated through it, so that in the absence of such
vapours, pneumatolytic action, except in cases where
the metal itself is volatile, is impossible, and ore deposits
of this nature could not be formed. In such a case any
metals present in the magma would remain in the rock
on consolidation as accessory oxides, sulphides, or
silicates, distributed through it like any other constituent
mineral ; or if in large quantity would become essential

72
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constituents, or even massive differentiation products,
forming deposits known as ‘segregations.” The pneu-
matolytic action is therefore a process of extraction of
metalliferous minerals by active superheated gases, in
the absence of which the sulphides or oxides of the
metals would have remained in the rock as ordinary
constituents.

The assumption that superheated gases containing
metals as volatile compounds were the main agents in
the formation of certain types of ores necessarily im-
pliesthat in the majority of cases the deposits occur not far
from the plutonic rocks which gave rise to them, and in
typical regions this so far holds true that the principal
deposits are found in fissures and joints in the altered
rocks of the metamorphic zone surrounding the plutonic
intrusion, or in the igneous rock itself.

Although the general principles of pneumatolysis
were conceived nearly a century ago, the most important
contributions to the subject were made by Professor
Vogt in a series of papers published between the years
1894 and 1899.* It is mainly upon Vogt’s work that
the classification is based.

In a general way, the mode of origin of the several
classes of ores under this category is the same, yet the
ores are quite distinct, and are characteristic products of
the type of rock giving rise to them; and it is now well
known that the metals and minerals of lodes associated
with basic rocks (gabbros) and acid rocks (granites)
indicate to a considerable extent the nature of the
magma from which they were extracted.

Broadly speaking, the genetic classification of ore

* Zeit. f. Prakt. Geol., 1894, 1895, 1898, 1899.
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deposits formed under pneumatolytic conditions de-
pends upon three things:

1. The nature of the rock giving rise to the ores.

2. The particular metals of the ores.

3. The minerals associated with the ores, indicating
the nature of the gases which extracted the metals as
volatile compounds from the magma.

To these gases the terms ‘carriers,” ¢ mineralizers,’
and agents mineralisateurs have been variously applied.

There are two broad classes of ores of pneumatolytic
origin—the sulphides and the oxides—one or both of
which may be secreted during the consolidation of
either the acid or basic plutonic rocks; but since each
magma has its characteristic metals and ‘ mineralizers,’
the deposit to which it gives rise will be oxidic or sul-
phidic according to the affinities of the metals contained
in the magma and to the presence or absence of sulphur.

Thus, tin practically always occurs in the form of
oxide, whether sulphur be present in the magma or not.
Iron may occur either as oxide or sulphide, lead nearly
always as sulphide.

In a fused condition, acid magmas, such as those
giving rise to granites, although intensely hot, are con-
sidered to have been very viscous or pasty, since on
intrusion among the overlying rocks they have assumed
massive or bulky, instead of sheet-like, forms. These
immense laccolites are generally of deep-seated origin
(batholiths), and consequently all the conditions of slow
cooling were present.

In basic magmas, on account of their lower con-
solidation points, the liberation of magmatic gases
takes place at lower temperatures. Their fusibility
affects to some extent the form of the intrusion.
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During the cooling of the igneous masses the rocks
surrounding them are thermally metamorphosed for
distances varying from a few hundred feet to a mile or
more, so that they, too, are in a heated condition.
Although the metalliferous minerals are very sparingly
distributed through the magma, they are nevertheless
gradually withdrawn from it during crystallization by
means of active magmatic gases, and in time are more
or less concentrated in the not fully consolidated parts
of the intrusion.

The next step in the process is the escape of the
metalliferous gases, and concentration of the ores in the
positions in which they are found. It is only necessary,
then, that the means of escape should be provided, and
in deposits of this nature this is invariably in fissures
formed by various causes in the solid parts of the
igneous rock and in the older rocks beyond.

In traversing fissures in the cooler rocks reactions
took place with the liberation of metallic oxides and
sulphides, and the formation of characteristic minerals
through the action of the remaining gaseous material
on the country-rock.

Once the magma was consolidated, the conditions of
pneumatolysis ceased, and, instead of vapours, thermal
mineral waters were given off. The change from the
one condition to the other is gradual, but it appears
highly probable that, under the cooler conditions in
which liquid solutions occur, a set of substances may be
deposited in fissures, which, owing to their inability to
form volatile compounds, were not carried off in the
earlier gaseous phase, or, at any rate, were only carried
off in small quantity. At the same time, many sub-
stances which were readily volatilized under pneuma-
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tolytic conditions became, under cooler conditions,
stable compounds no longer capable of extraction.

This applies not only to the ores, but also to the
mineralizers, which likewise have to be taken into
account in treating of the origin of the deposits.

According to Brogger’s researches, the stage at which
the pneumatolytic action is most intense is that which
follows the first possible phase of ore concentration,
namely, that of magmatic segregation; but it pre-
cedes, or is in part contemporaneous with, the third
phase at which zeolites may be formed through the
action of magmatic waters containing minerals in solu-
tion. In both the pneumatolytic and zeolitic phases the
already consolidated minerals of the magma are liable
to be altered or decomposed.

Before discussing a few typical cases, it should be
noticed that ore deposits of pneumatolytic origin invari-
ably occur as infillings of pre-existing spaces and as
impregnations of the rock in their vicinity, so that the
shape of the deposit is largely determined by joints,
irregular fissures, faults, friction-breccias, partings along
bedding * planes or other spaces in the sedimentary
rocks of the metamorphic zone, or in the igneous rock
with which the deposits are genetically connected.

But although the form of the deposit is of great
importance to the miner, the nature of the alteration
which the vapours, once traversing the fissures, have
effected in the country-rock, at the sides of the lode,
is of considerable interest. In many cases the walls of
the lodes have been so entirely altered by the vapours
that they are rendered unrecognizable as part of the
country-rock; and it is by the nature of this alteration,
and by the minerals in the lodes, that the origin of the
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ores may be determined. In all classes of ores of
pneumatolytic origin, the rock in the vicinity of the
fissures, in addition to other secondary minerals, in-
variably contains some of the ore impregnating it to
more or less extent; that is to say, some of the minerals
of which the country-rock is composed are replaced by
the ores, while the rest may not be altered or affected
in any way.

Typical examples of pneumatolysis may be taken
from the ore deposits connected with gabbros and
granites respectively, and a comparison of one with the
other will show that, while the minerals taking part in
the action in each case are different, the general mode
of origin is the same.

ORres or PnNEuMaTOLYTIC ORIGIN CONNECTED WITH
GRANITE aND ITS ALLIED Rocks.

Normal granites are holocrystalline rocks of hypidio-
morphic structure, which consist of a ferromagnesian
mineral, generally biotite (but occasionally hornblende),
muscovite, felspar (orthoclase, and sometimes acid
plagioclase), and quartz. The percentage of free and
combined silica varies from 65 to 8o.

The principal allied plutonic rock is syenite, which is
of less siliceous character.

The family of fine-grained porphyritic rocks of similar
chemical composition to normal granite, but occurring
in the form of dykes or sheet-like intrusions, are not
directly connected with ore deposits of pneumatolytic
origin, owing to their small bulk and their consequent
inability to supply enough material for the production
of ore deposits, and to a certain extent to the conditions
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of rapid cooling to which their fine-grained character
is due. The principal amongst these are the quartz
porphyries, or elvans. Indirectly, however, their con-
nection with the granite on the one hand, and the ore
deposits on the other, is of great interest, as it is a
common feature in some of the typical regions for the
principal metalliferous deposits to occur in an area
which had previously been a focus for dyke intrusions.

The ores characterizing typical pneumatolytic deposits
in granites are those of cassiterite, and wolfram and
scheelite, any of which may be accompanied by
sulphidic ores of copper, iron, and arsenic in large
quantity. In less quantity, but not uncommonly,
there may be ores containing the metals bismuth, or
even antimony, zinc, cobalt, occasional nickel, man-
ganese, molybdenum, uranium, and gold; still rarer,
minerals containing tantalum and titanium. In some
instances argentiferous galena occurs with the tin,
tungsten, copper, arsenic, or other ores of undoubted
pneumatolytic origin, and its presence, although ex-
ceptional, may be regarded as one of the types con-
necting the filons stanniféres, or cassiterite veins, and
the filons plombiféres, or lead veins, since the condi-
tions under which most lead veins are formed, although
connected with after-eruptive actions, belong to the last
phases of igneous consolidation. In Bolivia, however,
the sulphides of lead and some other metals occur to
the exclusion of copper ores, and may be contem-
poraneous with the tinstone.

It should be remarked therefore that, according to
the metals originally contained in the eruptive magma,
the lodes may contain all or only one of the afore-
mentioned metals.
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NATURE OF THE VAPOURS WHICH EXTRACTED AND
DEPOSITED THE MINERALS OF CASSITERITE VEINS.

It was shown early in the last century that all tin
lodes were characterized by the presence of minerals
containing fluorine. It was inferred, and, by experi-
mental research, proved, that fluorine was able at high
temperatures to form a volatile compound with tin,
which at lower temperatures in presence of steam was
decomposed into oxide of tin and hydrofluoric acid.

SnF, +2H,0=5n0,+4HF.

It is to the action of the latter compound that the
production of fluorine-bearing minerals in the country
rock is due. But, from the nature of other secon-
dary minerals of common occurrence, there must also
have been vapours containing boron, and even chlorine,
carbon dioxide, and, frequently, sulphur. It is highly
probable that in conjunction with superheated steam
these vapours all assisted in, first, extracting the
various metals from the magma during consolidation,
and, secondly, in carrying them in the form of volatile
compounds into fissures. The presence of silica must
not be forgotten, since much quartz in tin veins was
probably deposited from volatile compounds of silicon
and fluorine.

SiF, +2H,0 = $i0, + 4 HF.

It will be seen that, although these vapours occurred
together in the magma, their emanation was not
necessarily simultaneous. Some veins of pneumatolytic
origin are characterized by fluorine-bearing minerals,
others are typified by minerals containing boron or



8o THE GEOLOGY OF ORE DEPOSITS

chlorine. The metals of this group of ore deposits exist
chiefly as oxides and sulphides.

NATURE OF THE ALTERATION IN THE WALLS OF TIN
LODES.

Hydrofluoric and boric vapours, boro-silico-fluorides,
together with hydrofluo-silicic acid and other gaseous
compounds, are able to decompose various constituents
of the country-rock, with the production of new minerals.
While some rocks are readily altered in this way, there
are others which are practically unaffected.

Where the country-rock is not readily seen to be
traversed by cracks, the microscope shows that the
alteration in the walls commenced in the first place
along minute cracks or lines of rifting, cleavage cracks,
planes of bedding, and in interstitial spaces. The cor-
rosion or alteration of the country-rock begun in this
way is readily carried on. The minerals which are
particularly attacked are felspars, micas, and argil-
laceous and calcareous materials. The minerals which
are produced are topaz, axinite, tourmaline (brown and
blue), chlorite, kaolin, green and white mica, and fluor-
spar; and, probably, iron pyrites, as a result of con-
version of oxide of iron into the sulphide by sulphur
vapours. Finally, silicification of the country-rock is
so common as to constitute an important type of
alteration. In special cases garnet is also formed, but
this must generally be regarded as owing to a combina-
tion of contact and pneumatolytic actions.

It will be seen, therefore, that the type of alteration
was determined by the nature of the vapours or solu-
tions which traversed the fissures, while the minerals
formed depended on the composition of the country-rock.
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Broadly speaking, the changes in the country-rock
are ‘brought about by greisen -action, silicification,
chloritization, kaolinization, etc., and depend upon the
nature of the vapours.

In granite the alteration is as follows: biotite, by
loss of alumina, oxide of iron, and magnesia, is changed
to muscovite, with occasionally some epidote and
oxide of iron. If boric acid be present, the mineral is
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F1G6. 14.—DIAGRAM SHOWING THE LODE STRUCTURE AND
NATURE OF ALTERATION OF THE COUNTRY-ROCK AT THE
BALLESWIDDEN MINE, ST. JUST, CORNWALL.

‘Gry,’ a tin-bearing joint or vein; * Hardwork,’ greisen, consisting of
schorl, quartz, mica, and topaz; ‘Gook,’ the soft, kaolinized
granite beyond the hardwork,

altered to brown tourmaline. Chlorite may be formed
from biotite by the action of sulphides (propylitization),
carbonic acid gas or carbonates, and frequently is
associated with metallic sulphides.

The alteration of the felspar commences along
cleavage planes and cracks, with the production
of topaz (by fluorine), muscovite (also gilbertite and
zinnwaldite), and quartz. Cassiterite frequently occurs

6
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as pseudomorphs after the felspar of the ground mass
or of phenocrysts. Complete silicification of the fel-
spar is not uncommon, while in the presence of
boric acid vapours blue tourmaline-needles are formed.
Although topaz is considered to be occasionally altered
to kaolin, the kaolinization of felspars is regarded as
being mainly due to the action of carbonic acid gas
which removes some of the potash and silica.
ALO,.K,0.2(38i0,) +2H,0 + CO,

Orthoclase
= A1203.21<Si92.2H20 + 4510, + K,CO,.
aoln

The quartz of granite frequently remains unaffected,
with the exception of slight corrosion and the addition
of secondary quartz grown in optic continuity.

Minerals such as apatite and zircon remain un-
changed. Titanite and other titanium minerals, in-
cluding titaniferous biotite, are changed to rutile.

It should be observed, then, that the alterations are
effected by several kinds of vapours, of which fluorine
invariably belongs to the earliest emanations, while
carbonic acid gas, hydrogen sulphide, and boric acid,
may belong to either the earlier or later emanations.

The extent of alteration in the sedimentary rocks of
the contact-zone depends partly on their composition.
In finely banded rocks consisting of alternations of
sandy and argillaceous films, it is the argillaceous
material which is principally affected by the vapours,
and in particular by boric acid and fluorine. The prin-
cipal alteration when boric acid was present is tour-
malinization along the argillaceous films, for several
inches away from the vein (Fig. 15). The altered rock
is extremely hard, and, as all the previously formed
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folds or contortions in the rock are preserved, it has a
remarkable appearance.

In some of the tourmalinized sediments from the
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